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SUMMARY 


The  U.S.  Army,  under  the  direction  of  the  Project  Manager 
for  Production  Base  Modernization  and  Expansion,  is  currently 
engaged  in  a  multi -bill  ion  dollar  program  to  modernize  and  expand 
its  ammunition  production  capability.  In  support  of  this 
program,  the  Energetic  Systems  Process  Division  of  the  Large 
Caliber  Weapons  Systems  Laboratory,  ARRADCOM,  \nth  the  assistance 
of  Ammann  &  Whitney,  Consulting  Engineers,  has,  for  the  past 
several  years,  been  engaged  in  a  broad  base  program  to  improve 
explosive  safety  at  these  facilities.  One  segment  of  this 
program  deals  with  the  development  of  design  criteria  for 
explosion-resistant  protective  structures. 

Development  of  these  design  criteria  has,  in  the  past,  been 
primarily  concerned  with  structures  located  in  the  high  pressure 
region  close  to  an  explosion.  The  basic  document  to  evolve  from 
this  effort  is  the  tri-service  manual,  TM  5-1300,  "Structures  to 
Resist  the  Effects  of  Accidental  Explosions  (ref.  3).  This 
manual  contains  comprehensive  information  on  the  principles  of 
protective  design,  the  calculation  of  blast  loadings,  dynamic 
analyses,  and  detailed  procedures  for  designing  reinforced 
concrete  protective  structures. 

It  is  common  practice  in  the  explosives  industry  for  process 
buildings  associated  with  the  same  line  to  be  separated  by 
"intraline  distances"  whicli  are  meant  to  provide  a  higli  degree  of 
protection  against  tlie  propagation  of  explosions  from  building  to 
building.  Similarly,  tlie  minimum  distance  permitted  between  an 
inliabited  building,  not  associated  with  the  line  in  question,  and 
an  explosives  location  is  the  "inhabited  building  distance". 
These  distances  are  published  in  the  DARCOM  Safety  Manual  (DRCR 
385-100)  and  are  based  on  tlie  cubic  root  scaling  of  tlie  explosive 
v/eight  which  defines  areas  of  equal  pressure.  In  all  cases, 
however,  the  blast  overpressures  that  an  acceptor  structure  would 
experience  in  the  event  of  an  explosion  in  the  "building  next 
door"  would  be  greater  than  the  overpressures  a  conventional 
structure  is  designed  to  withstand,  and  serious  injury  to 
personnel  within  it  is  likely. 

In  this  regard,  explosive  tests  have  been  conducted  to 
evaluate  the  blast  capacity  of  strengthened  steel  buildings.  The 
results  of  these  tests,  which  are  described  below,  have  been  used 
to  verify  and  refine  data  contained  in  the  ARRADCOM  technical 
reports  pertaining  to  the  design  of  acceptor  structures  (refs.  2 
and  3). 


The  specially  designed  steel  building  was  constructed  in 
accordance  with  ARRADCOM  Drawing  No.  132  (see  Appendix  B).  The 
overall  dimensions  of  the  structure  v/ere  24.4  m  (80  ft)  long  by 
6.1  m  (20  ft)  wide  by  3.7  m  (12  ft)  high.  The  building  was 
subdivided  into  four  bays  in  the  longitudinal  direction,  each  of 
v/fiich  was  approximately  6.1  m  (20  ft)  wide.  The  priinary 

structural  framework  in  the  transverse  direction  consisted  of 
three  interior  rigid  frames  and  an  exterior  rigid  frame  at  both 

ends.  The  column,  girts,  beams,  girders  and  purlins  were  wide 
flanges  with  a  minimum  static  yield  stress  of  248,200  kPa  (36,000 

psi).  Tiie  walls  and  roof  panels  consisted  of  18-  and  20-yaye 

cold-formed  steel  panels. 

Instruiiientati on  consisted  of  electronic  deflection  gages  to 
record  the  movement  of  the  structure,  and  pressure  gages  to 
measure  the  blast  loads  acting  on  the  building  as  well  as  the 

free-field  pressures.  Photographic  coverage,  including  both 

still  photographs  and  motion  pictures,  was  also  used  to  document 
both  pre-shot  construction  and  post-shot  test  results. 

A  total  of  seven  tests  were  performed,  each  utilizing 
approximately  9U0  kg  (2, QUO  lb)  of  nitro-carbo-nitrate  as  the 
explosive  source.  The  recorded  peak  free-field  pressure  for  each 
of  the  last  five  tests  was  22.06  kPa  (3.20  psi),  24.13  kPa  (3.60 
psi),  36.61  kPa  (5.31  psi),  46.82  kPa  (6.79  psi)  and  29.03  kPa 
(4.21  psi).  Most  of  the  instruments  failed  during  the  first  two 
tests;  however,  damage  incurred  by  the  structure  during  these 
tests  was  liiinimal.  Pressure  buildup  was  recorded  within  the 

structure  in  each  test.  This  buildup  was  attributed  to  leakage 

bet'ween  seams  of  siding  and  roofing. 

Minimal  damage  occurred  in  lest  3.  The  overlapping  panel 
joints  were  opened  approximately  3/8  inch  halfway  between  Frames 
2  and  3.  In  some  places,  tlie  panel  v/as  slightly  disengaged  where 
it  was  fastened  to  the  foundation  and  girts. 

More  extensive  damage  was  apparent  in  the  next  four  tests 
(Tests  Nos.  4,  5,  6  and  7).  This  included  buckling  of  jjanel 
siding  and  roof  deck,  web  crippling  of  girts  and  purlins,  and 
failure  of  bolts  at  one  of  the  column  bases. 

Pressure  measurements  on  the  front  wall  of  tfie  building  were 
consistent  with  theory;  that  is,  the  blast  pressure  acting  on  the 
front  wall  varied  from  approximately  1.2  to  1.6  times  the 
incident  pressure  at  the  bottom  to  about  0.9  to  1.2  times  the 
peak  pressure  at  the  top.' 


Test  data  provided  by  the  deflection  gages  was  quite 
extensive  and  was  more  than  adequate  to  analyze  the  test  results. 

based  upon  the  overall  results,  the  following  observations 
can  be  made: 

1.  Tile  specially  designed  strengthened  steel  building  can 
be  used  as  a  protective  structure. 

2.  Certain  modifications  have  to  be  made  to  the  current 
design  procedures  presented  in  References  2  and  3. 
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INTRODUCTION 


Background 

In  the  design  of  steel  buildings  to  withstand  the  effects  of 
High  Explosive  (HE)  and  other  types  of  explosions,  standard 
structural  members  can  be  utilized  for  structures  located  in 
pressure  ranges  of  less  than  10  psi .  However,  because  of  the 
transient  nature  and  the  relatively  high  intensity  of  the  blast 
loads,  certain  procedures  and  criteria  have  to  be  met  in  order  to 
increase  the  capacity  of  the  structure  to  resist  the  applied 
1 oads. 

Steel  buildings  consist  of  three  general  structural  systems: 

1.  The  walls  and  roof  panels. 

2.  Supporting  members  such  as  girts,  purlins,  diagonal 
bracing  and  other  members  which  can  be  treated  as 
individual  elements,  and 

3.  The  main  structural  frame. 


Usually,  the  capacity  of  the  frame  members  to  resist  blast 
loads  greatly  surpasses  those  of ■  the  supporting  members  and  thus 
certain  modifications  have  to  be  made  in  designing  such 
structures. 

In  order  to  determine  those  areas  where  modifications  are 
required  and  also  furnish  data  for  establishing  reliable  safety 
design  procedures  for  buildings  exposed  to  blast  overpressures,  a 
specially  designed  strengthened  steel  building  was  subjected  to 
challenges  provided  by  detonating  charges  at  various  locations 
around  the  building.  Seven  tests  were  done  by  the  Energetic 
Systems  Process  Division  of  the  Large  Caliber  Weapons  Systems 
Laboratory,  ARRADCOM,  as  part  of  its  overall  Safety  Engineering 
Support  Program  for  the  Project  Manager  for  Production  Base 
Modernization  and  Expansion.  This  report  which  was  prepared  with 
the  assistance  of  Ammann  &  Whitney,  Consulting  Engineers, 
describes  and  evaluates  the  results,  and  presents  recommended 
changes  to  fully  develop  the  blast  capacity  of  a  strengthened 
steel  building.  A  brief  comparison  of  this  strengthened  steel 
building  and  the  pre-engineering  building  described  in  Contract 
Report  ARLCD-CR-79004  (ref.  1)  is  also  presented  in  this  report. 
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Purpose  and  Objectives 


The  overall  purpose  of  the  test  program  was  to  evaluate  the 
usefulness  of  strengthened  steel  buildings  as  protective 
structures  at  Army  Ammunition  Plants  and  to  provide  recommended 
design  procedures  whereby  the  full -blast  capacity  of  the 
structures  could  be  achieved.  The  objectives  of  the  program  and 
related  analyses  are  summarized  below: 

1.  To  evaluate  the  blast  capacity  of  the  steel  building  as 
a  unit . 


2.  To  dertermine  those  areas  where  modifications  are 
required  over  conventional  design  procedures  for  steel 
bui  1  di  rigs . 

3.  To  evaluate  the  computer  programs  and  design  procedures 
(and  criteria)  presented  in  References  2  and  3. 


Format  and  Scope  of  Report 

The  following  two  sections  describe  the  Test  Program, 
including  the  Test  Procedures  and  Results.  These  sections  are 
followed  by  a  section  which  evaluates  the  results  and  provide 
recoiiTiiended  changes  for  the  building  tested.  The  fourth  section 
presents  the  results  of  an  analytical  evaluation  of  the  structure 
and  the  fifth  section  compares  the  behavior  of  the  test  structure 
(the  strengthened  steel  building)  and  the  pre-engi neered  building 
described  in  Reference  1.  Appendix  A  contains  reproductions  of  a 
comparison  of  actual  blast  loads  and  theoretical  blast  loads  as 
computed  from  Design  Manual  TM  5-1300,  "Structures  to  Resist  the 
Effects  of  Accidental  Explosions"  (ref.  4).  The  second  appendix 
contains  reproductions  of  the  Engineering  Drawings  used,  for  the 
tests. 


For  convenience,  all  measurements  are  presented  in  the  SI 
Units  (International  System  of  Units)  as  well  as  the  present 
system  being  used  in  the  United  States,  where  appropriate. 
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TEST  DESCRIPTION 


General 

A  specially  designed  strengthened  steel  building  was 
subjected  to  blast  tests  at  the  U.S.  Army  Dugway  Proving  Ground 
(DPG)  in  Utah  during  the  month  of  June  1979.  A  total  of  seven 
trials  were  conducted,  subjecting  the  structure  to  the  detonation 
of  2,000  pounds  of  high  explosives  at  various  distances  from  it 
and  recording  the  resultant  dynamic  pressure,  deflection  and 
status  deflection  of  the  structure. 

Instrumentation  to  record  the  structural  response  consisted 
of  electronic  self-recording  deflection  and  pressure  gages.  In 
addition,  both  still  and  high-speed  motion  pictures  were  taken  of 
each  tri al . . 

Description  of  Test  Structure 

The  strengthened  steel  building  was  constructed  in 
accordance  with  ARRADCOPi  Drawing  Number  132.  The  overall 
dimensions  of  the  structure  were  24.4  m  (80  ft)  long  by  6.1  m  (20 
ft)  wide  by  3.7  rn  (12  ft)  high.  The  building  was  subdivided  into 
four  bays  in  the  longitudinal  direction,  each  of  which  was 
approximately  6.1  m  (20  ft)  wide.  The  primary  structural 

framework  in  the  transverse  direction  consisted  of  tfiree  interior 
rigid  frames  and  an  exterior  rigid  frame  at  both  ends. 

The  columns,  girts,  beams,  girders  and  purlins  were  wide 
flanges  with  a  minimum  static  yield  stress  of  248,200  kPa  (36,000 
psi).  The  walls  and  roof  consisted  of  18-  and  20-gago 
cold-formed  steel  panels  having  a  minimum  static  yield  stress  of 
227,627  kPa  (33,000  psi).  Engineering  drawings  showing  the 
plans,  section  of  test  structure  and  location  of  explosions  are 
provided  in  Appendix  A. 

Instrumentati on 

Deflection  Gages 

The  test  structure  was  provided  with  15  deflection 
gages  which  were  located  as  shown  in  Figures  1  and  2.  All  of  the 
gages  were  linear  displacement  transducers  wiiich  operated  on  the 
principle  of  cftange  in  inductance  in  the  coils  of  a  linear 
differential  transformer  with  change  in  position  of  the  core. 
The  deflection  gages  measured  the  deflection-time  histories  of 
one  end  frame,  the  center  frame,  one  longitudinal  frame,  two 
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yirts,  a  purliti,  and  a  roof  and  wall  panel.  A  deflection  gage 
schedule  is  provided  in  Table  1.  The  rigid  end  frame  was 
provided  with  three  gages.  Two  of  these  measured  the  horizontal 
deflections  of  one  of  the  columns  and  the  third  measured  the 
vertical  deflection  at  the  midspan  of  the  girder.  The  center 
frame  was  instrumented  in  a  similar  manner  and  also  provided  with 
a  fourth  deflection  gage  to  measure  the  horizontal  deflections  at 
a  point  on  the  outer  column  (U4  in  fig.  1).  In  addition, 
deflection  gages  were  provided  to  measure  the  horizontal 
deflections  at  the  midspan  of  a  lower  girt  (Dll  in  fig.  1),  an 
upper  girt  (D12),  and  the  section  of  wall  panel  spanning  between 
upper  and  lower  girts  (D13  in  fig.  1).  The  deflection  gages  used 
to  measure  horizontal  frame  displacements  had  a  0.25-m  (10-in) 
stroke;  vertical  deflections  were  measured  with  gages  having  a 
U.15-m  (6-in)  stroke  and  the  horizontal  deflections  of  the  girts 
were  measured  with  gages  having  a  0.30-m  (1-ft)  stroke.  The 
deflections  of  the  wall  and  roof  panels  were  recorded  with  gages 
having  a  0.10-m  (4-in)  stroke. 

The  gages  were  mounted  to  steel  support  frames  which 
were  welded  to  base  plates  cast  into  the  foundation  slab. 

Figures  3  and  4  show  a  typical  gage  mount  and  details  of  the  gage 
support  frames.  The  deflection  rods  (cores)  were  connected  to 

steel  rods  (fig.  3)  which  were  attached  to  the  structure.  Since 
the  building  was  subjected  to  horizontal  deflections  in  only  one 
direction,  the  steel  rods  for  all  horizontal  gages  were  rigidly 
attached  to  the  structure  as  shown  in  Figure  4a.  Such  a 
connection  could  not  be  used  for  the  vertical  deflection  gages 

because  the  horizontal  deflections  of  the  structure  would  have 
produced  bending  in  the  steel  rods  as  they  moved  downward, 
thereby  inhibiting  the  motion  of  the  rod  and  possibly  damaging 
the  rod,  the  connection  of  the  rod  to  the  structure,  and  the 

support  framework.  Therefore,  tiie  sliding  connection  shown  in 
Figure  4b  was  used  for  all  vertical  deflection  gages. 

Pressure  Gages 

Pressure  gages  were  used  to  record  the  blast  loads 
acting  on  the  exterior  surfaces  of  the  building,  as  well  as  the 
blast  pressure  leakage  into  the  building  and  the  free-field 
pressures.  A  total  of  20  pressure  gages  were  located  as  shown  on 
Figures  2  and  5.  Nine  gages  (P4  through  P12,  fig.  5)  were 
located  on  the  center  frame,  three  on  the  blastward  and  leeward 
walls,  and  three  on  the  roof.  Three  gages  were  located  on  the 
sidewall  (P13  through  P15,  fig.  2)  and  five  gages  for  measuring 
pressure  leakage  into  the  building  were  located  in  the  interior 
of  the  building  (P16  through  P20).  In  addition,  three  gagds  (PI, 
P2  and  P3,  fig.  5)  were  provided  for  measuring  the  free-field 
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pressures  in  the  vicinity  of  the  building.  Two  of  these  gages 
were  located  6.1  m  (20  ft)  from  the  side  of  the  building 
containing  the  access  door,  the  one  gage  placed  in  lino  with  tlie 
blastward-wall  and  the  other  one  placed  in  line  with  the  leeward 
wall.  The  third  gage  was  placed  6.1  m  (20  ft)  from  the  west  end 
of  the  building.  Figure  6  shows  a  typical  detail  of  the  method 
utilized  to  attach  a  pressure  gage  to  the  building. 

Photographic  Documentation 

Motion  picture  camera  coverage  of  the  the  test  was  used 
to  observe  the  test  structure  during  each  detonation  and  for 
docuiiientary  purposes.  Three  high-speed  cameras  were  used  to 
photograph  the  exterior  of  the  building  during  detonation.  Two 
cameras  liad  a  speed  of  400  frames  per  second,  wliile  the  third 
camera  had  a  speed  of  3,000  frames  per  second.  The  positioning 
of  the  cameras  is  illustrated  in  Figure  7.  Iri  addition,  three 
interior  cameras,  v/ith  a  speed  of  300  frames  per  second,  v/ere 
utilized.  ‘Still  photographs  were  taken  to  record  the  pre-test 
setup  in  terms  of  general  arrangement,  construction  details  and 
instrumentation. 

Hand  Measurements  and  Observations 

Pre-  and  post-shot  measurements  were  made  to  determine 
permanont  deflections  of  all  frames,  girts,  purlins,  wall  and 
roof  panels.  In  addition,  observations  of  damage  and  general 

structural  behavior  were  noted. 

Expl osi ves 

The  explosives  used  in  this  test  program  were 

ni trocarboni trate  as  the  primary  charge  and  Composition  C-4  as 
the  booster  charge.  Ttie  combined  weight’  of  the  primary  charge 
and  booster  in  each  tost  was  approximately  900  kg  (2,000  lb)  with 
the  booster  weighing  approximately  23  kg  (50  lb).  The 

nitrocarbonitrate  explosive,  consisting  of  94.5  percent  by  weight 
of  aimionium  nitrate  and  5.5  percent  by  weight  of  No.  2  fuel  oil, 
was  in  the  form  of  small  pellets  which  were  shipped  to  the  site 
in  23-kg  (50-1 b)  bags. 

The  total  explosive  charge  was  held  in  a  cylindrical 
aluminum  container  (fig.  8).  Each  charge  was  formed  by  pouring 
39  bags  of  nitrocarbonitrate  pellets  into  a  container  after  which 
a  series  of  C-4  blocks,  each  weighing  approximately  0.6  kg  (1-1/4 
lb),  were  placed  on  top  of  the  nitrocarbonitrate  pellets  and 

arranged  to  form  a  cubical  shape.  The  Composition  C-4  booster 


5 


was  primed  with  two  electric  detonators  which  initiated 
detonation  of  the  entire  charge. 

Test  Set-Up 

A  total  of  seven  tests  were  performed.  The  explosive  charge 
was  located  in  three  orientations  (fig.  7).  In  the  first  four 
tests,  the  charge  was  centered  on  one  long  side  of  the  structure. 
In  the  fifth  and  sixth  tests,  the  charge  was  located  in 
Orientation  2  and  in  the  final  test  (Test  No.  7),  the  charge  was 
placed  on  the  opposite  side  of  the  building.  The  distances  from 
the  charges  to  the  building  were  calculated  to  produce 
progressively  higher  overpressures  on  the  structure  in  successive 
tests.  After  each  detonation,  the  test  structure  was  inspected 
for  damage.  Still  photographs  were  taken  to  document  the  damage. 
Preparation  of  the  test  structure  for  each  subsequent  test 
included  repairing  damaged  components  to  insure  the  structural 
integrity  of  the  building,  and  checking  and  calibrating  the 
measuring  instruments. 


TEST  RESULTS 


General 

All  dynamic  data  were  recorded  on  magnetic  tape  which  was 
processed  to  develop  a  graphical  representation  of  the  data.  A 
photographic  record  of  the  damage  incurred  in  the  tests,  coupled 
with  the  graphic  representation  of  the  dynamic  data,  was  used  to 
present  the  test  results. 

Structural  Damage 

Test  No.  1 

The  explosives  were  placed  283.8  m  (931  ft)  from  the 
building  face  (Wall  A).  No  damage  to  the  structure  was  apparent 
although  a  pressure  of  approximately  6.2  kPa  (0.9  psi)  was 
recorded  by  Gage  P4.  Most  of  the  measuring  instruments  failed  to 
function  properly  during  tlie  test. 

Test  No.  2 

The  explosives  were  placed  127.1  m  (417  ft)  from  tlie 
building  face  (Wall  A).  Due  to  failure  of  measuring  instruments, 
all  dynamic  data  were  lost.  Uov/ever,  except  for  a  crack  that 
appeared  at  the  concrete  base  around  Column  A3,  no  otlier 
structural  damage  was  apparent. 

Test  No.  3 

Explosives  were  placed  62.8  m  (206  ft)  from  the 
building  face  (Wall  A).  Structural  damage  was  apparent  after 
this  test.  The  overlapping  panel  joints  were  opened 
approximately  9.5-mm  (3/8-in)  lialf  way  between  Frames  2  and  3. 

In  some  places,  the  panel  was  slightly  disengaged  v4iere  it  was 

fastened  to  tlie  foundation  and  girts  (see  fig.  9).  A 
panel -to-girt  screw  and  a  panel  joint  screw  came  out  between 
Frames  2  and  3  at  the  center  girt.  Gage  D13  recorded  a 

displacement  of  45  mm  (1.78  in)  wliich  corresponded  to  a  rotation 
of  approximately  4°,  greater  ttian  the  reusable  criteria  of  0.9° 
for  a  cold-formed  member.  The  effect  of  this  damage  was  to 
relieve  the  loading  on  the  panel,  thereby  reducing  its 

deflection.  Another  structural  damage  observed  was  a  slight  web 
crippling  at  '  the  center  girt  near  one  of  the  columns  of  the 
center  frame. 
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Test  No.  4 


The  charge  was  located  49.4  in  (16Z  ft)  front  the 
building  face  (Wall  A).  More  extensive  structural  damage  was 
apparent  in  this  test  and  although  similar  to  that  in  Test  3,  the 
damage  was  more  severe.  The  blastward  wall  panels  were  torn 
loose  from  points  where  they  were  supported  at  tfie  foundation  and 
girts,  as  shown  in  Figure  10. 

Wall-to-roof  flashing  was  detached  at  the  center 
portion,  as  shown  in  Figure  11.  The  roof  panels  also  buckled 
under  the  increased  blast  loading  at  points  between  purlins  near 
the  blastward  wall  (Wall  A).  Most  of  the  damage  to  the  panels 
occurred  at  those  places  damaged  in  the  previous  test. 

Test  No.  5 

The  explosive  charge  was  placed  47.2  (155  ft)  from  the 
building  corner  at  45°  from  the  wall  lines.  Resulting  damage  in 
this  test  was  similar  to  that  in  the  previous  tests  but  sornev/hat 
less  severe.  However,  damage  was  not  incurred  on  one  of  the 
sidewalls  (Wall  5).  The  damage  to  Wall  A  was  sligfit  and  limited 
to  reopening  of  the  panel  seam  at  Column  3  (fig.  12).  Some  web 
crippling  was  also  apparent  in  the  wall  panels  in  Wall  5  near  the 
lower  girt.  Finally,  tlie  buckling  in  the  roof  panels  between  tlie 
first  two  purlins  (observed  in  the  previous  test)  increased 
between  Frames  3  through  5. 

Test  No.  6 

The  explosive  was  42.98  m  (141  ft)  from  the  corner  of 
the  building  just  as  in  the  previous  case.  Repairs,  as  in  other 
tests,  v/ere  done  to  the  structure  before  the  test.  Damage  to 
Wall  5  was  more  severe  than  in  Test  5.  This  included  web 
crippling  at  the  foundation  joint,  and  the  lower  and  middle  girt 
for  the  full  width.  There  was  also  some  web  crippling  in  the 
upper  girt  in  Wall  A. 

The  panel  seam  between  Frames  2  and  3  was  reopened  and 
several  foundation-connecting  screws  were  pulled  out  (fig.  13). 
In  addition,  buckling  was  observed  on  some  of  the  roof  purlins 
and  several  roof  panel  seams  opened  between  Frames  3  and  5.  Tlie 
major  structural  damage  which  occurred  in  Test  No.  6  consisted  of 
the  failure  of  some  of  the  foundation  bolts.  Examination  proved 
that  two  bolts  were  properly  installed;  hov/ever,  two  bolts  on  the 
easterly  side  were  improperly  installed  (cut  off  essentially  at 
the  floor  level)  and  one  of  these  failed  (fig.  14). 
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Test  iNo.  7 


The  explosive  charge  was  located  42.98  m  (141  ft)  from 
the  building  face  (Wall  B).  The  foundation  bolts  that  failed 
during  the  previous  test  were  repaired  before  Test  No.  7. 

Alruost  all  of  the  panels  in  Wall  B  between  Frames  2  and 
5  were  ripped  loose  from  the  lower  girt  and  foundation,  and  some 
of  the  panel  seams  opened  (fig.  15).  Web  crippling  was  apparent 
in  all  of  the  girts.  Slight  damage  was  observed  in  the  panels 
between  Frames  1  and  2  in  Wall  B. 

Minimum  damage  was  observed  in  Walls  1,  5  and  A.  This 
included  mi ssi  ng  foundation  screws  at  the  panel  joints.  However, 
almost  all  the  roof  panels  were  torn  loose  from  the  purlins  at 
Wall  Edge  B  (closest  to  explosion)  showing  some  buckling  between 
the  first  two  purlins  from  Wall  B. 

Pressure  Measurement 

Table  2  sunmarizes  the  peak  pressures  recorded  by  the 

various  pressure  gages.  Figures  16  through  18  present  several 
typical  free-field  pressures  versus  time  measurements.  In 

general,  good  agreement  was  obtained  between  predicted  and 

measured  incident  overpressures.  Figures  19  through  22  contain 
the  pressure-versus-tirne  plots  recorded  on  the  blastward  wall  in 
several  of  the  tests.  In  all  of  the  tests,  the  peak-reflected 
pressures  varied  over  the  height  of  the  blastward  walls.  The 
measurements  in  Table  2  indicate  that  the  peak  pressures  recorded 
near  the  base  of  the  wall  (Gage  P4)  varied  from  1.2  to  1.6  times 
the  incident  pressure;  whereas  the  peak  pressure  at  the 

iriid-height  of  the  wall  (Gage  P5)  was  approximately  twice  the 

incident  pressure  and  the  peak  pressure  measured  near  the  top  of 
the  wall  (Gage  P6)  ranged  from  0.9  to  1.2  tirnes  the  incident 
pressure.  However,  the  average  of  the  peak  pressures  recorded  by 
the  three  gages  (P4,  P5  and  P6)  was  approximately  1.7  times  the 
incident  pressure  in  Tests  Nos.  3  through  6. 

Of  the  three  pressure  gages  located  on  the  roof  of  the 
building  (Gages  P7,  P8  and  P9),  only  two  yielded  acceptable 
results.  The  measurements  recorded  by  Gages  P8  and  P9  in  Tests 
No.  3  through  7  indicated  that  the  peak  pressures  on  the  roof 
varied  from  35  to  98  percent  of  the  peak  incident  pressures. 
Typical  pressure-versus-time  measurements  for  the  leeward  wall 
are  provided  in  Figures  19  through  22.  The  figures  and  the 
measurements  tabulated  in  Table  2  indicate  that  the  peak 
pressures  on  the  leeward  wall  were  significantly  less  than  the 
incident  pressure,  varying  from  50  to  7b  percent.  The  pressure 
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yages  on  the  sidewall  yielded  peak  measurements  that  varied  from 
45  to  9b  percent  of  the  peak  incident  pressure  in  Tests  No.  3,  4 
and  7.  For  Tests  No.  5  and  6,  peak  pressures  on  the  sidewall 
were  from  1.4  to  1.6  times  the  incident  pressure. 

Pressures  within  the  structure  attained  peaks  of 

approximately  16  percent  of  the  peak  side  on  overpressure  at  all 
pressure  levels.  The  leakage  of  pressure  into  the  building  was 
believed  to  be  caused  by  the  repeated  opening  and  closing  of  tlie 
panel  seams  during  the  tests. 

Deflection  Measurements 

Table  3  surimarizes  the  peak  displacements  of  some  of  the 
structural  components  (center  frame,  blastward  wall  girts  and 
panels)  of  the  building.  A  summary  of  the  maximum  deflections 
recorded  by  Gages  U1  through  U20  is  provided  in  Table  4.  Typical 
si  desway  deflection-time  histories  are  provided  in  Figures  19 

through  22  for  tlte  center  frame  of  the  building  and  in  Figures  23 
and  24  for  the  rigid  end  frame  (Column  Line  5).  In  addition, 
typical  deflection-time  histories  are  provided  in  Figures  25 

through  27  for  the  relative  horizontal  displacement  at  the 
midspan  of  the  blastward  wall  girts.  Figure  28  sliows  the 
displacement-time  history  of  a  typical  wall  panel. 

The  test  data  provided  by  the  deflection  gages  was  quite 
extensive  and  was  more  than  adequate  to  analyze  the  results.  In 
general,  the  horizontal  deflection  gages  gave  higher  quality 
deflection  records  than  the  vertical  deflection  gages.  Among  the 
horizontal  deflection  gages,  those  measuring  frame  displacements 
(Gages  Dl,  D2,  D4,  D5,  D6,  D8  and  D9)  gave  excellent 
di spl  acement-versus-ti me  histories  for  almost  one  second  of 

response  time.  The  excellent  quality  of  these  displacement 
records  is  attributed  to  the  low  frequency  character  of  tlie 
responses  measured  by  these  gages  and  to  the  fact  that  these 
gages  recorded  absolute  displacements. 

The  remaining  horizontal  deflection  gages  (namely.  Gages  Dll 
and  D12)  measured  the  absolute  midspan  displacement-time 
histories  of  an  upper  and  lower  girt.  Tlte  relative  girt 
displacement  at  any  given  time  was  determined  by  subtracting  the 
displacement  at  the  end  of  the  girt  (witere  it  is  attached  to  a 
main  frame)  from  the  absolute  displacement  at  the  midspan  of  tlie 
girt.  Each  girt  monitored  was  located  in  an  interior  bay 
(between  Column  Lines  3  and  4)  and,  therefore,  it  was  assumed 
that  the  frames  at  each  end  of  the  member  had  identical 
displacement-time  histories.  Based  on  this  assumption,  the 
horizontal  deflections  on  the  blastward  column  of  the  'center 
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frame  were  taken  as  the  girt  end  displacements  and  the  relative 
girt  displacement-time  histories  were  determined  using  the 
measurements  recorded  by  Gages  Dl,  D2,  Dll  and  D12  as  follows: 

1.  Lower  girt:  Gage  Dll  displacements  minus  corresponding 
displacements  from  Gage  Dl. 

2.  Upper  girt:  Gage  D12  displacements  minus  corresponding 
displacements  from  Gage  D2. 

In  this  manner,  good  quality  displacement  records  such  as 
the  ones  shown  in  Figures  25  through  27,  were  determined.  The 
gages  for  measuring  wall  and  roof  panel  deflections  (D13  and  D15) 
were  mounted  to  frames  which  were  attached  to  the  members  (girts 
and  purlins)  supporting  the  panels.  In  this  manner,  a  direct 
measurement  of  the  relative  displacements  of  the  panels  was 
achieved. 

The  vertical  deflection  gages  (D3,  D7  and  DIO)  were  attached 
to  tlie  underside  of  the  frame  girders.  The  test  data  provided  by 
Gages  D7  and  DIO  was  generally  good  compared  to  that  provided  by 
the  horizontal  gages.  Gage  D3  did  not  record  any  meaningful 
data.  This  might  be  attributed  to  deficiencies  in  the  gage. 
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LVALUATION  OF  TEST  RESULTS 


General 

An  attempt  is  made  in  this  section  to  understand  the 
behavior  of  the  structure  as  demonstrated  by  the  test  results. 
Special  attention  will  be  paid  to  the  behavior  of  the  center 
frame,  rigid  end  frame,  longitudinal  frame,  blastward  wall  girts, 
panels  and  the  roof  deck. 

Center  Frame 

The  behavior  of  the  main  frame  subjected  to  blast  loading 
did  not  vary  significantly  from  one  test  to  another.  It  was 

observed  that  a  significant  positive  si  desway  displacement 
occurred  during  the  negative  phase  of  the  loading  on  the 
blastward  wall.  This  also  corresponded  to  the  positive  phase  of 
ttie  loading  on  the  backwall.  The  positive  displacement  was  then 
followed  by  a  significant  (almost  the  same  value  as  the  positive 
sidesway  displacement)  negative  displacement  as  the  loading  left 
the  structure.  However,  the  peak  sidesway  displacement  occurred 
after  almost  all  of  the  loading  was  off  the  structure. 

This  seemingly  unusual  behavior  can  be  explained  by  the 
phasing  of  the  blast  loading  as  follows:  the  first  positive 

displacement  is  a  result  of  the  net  positive  loading  on  the 
blastward  walls  and  backwalls.  During  rebounding  of  the  frame, 
the  negative  pressure  on  the  blastward  wall  and  the  positive 

pressure  on  the  backwall  are  botti  acting  in  the  same  direction 
and  in  phase  with  each  other,  thus  producing  another  significant 
negative  sidesway  displacement.  Finally,  as  the  structure 
rebounds  from  the  positive  loading  on  the  rear  walls  and  negative 
loading  on  the  blastward  wall,  a  peak  positive  displacement  of 
tile  structure  is  obtained.  The  sequence  of  events  is  best 

demonstrated  in  Figures  19  through  'll. 

Rigid  End  Frame 

The  behavior  of  the  rigid  frame  is  somewhat  similar  to  that 
of  the  center  frame.  The  displacement  curves  in  Figures  23  and 
24  show  that  the  first  peak  positive  sidesway  displacement  occurs 
during  the  positive  and  negative  phases  of  the  blast  loading  on 
the  leeward  and  blastward  walls,  respectively.  However,  unlike 
the  center  frame,  the  peak  positive  displacement  is  followed  by  a 
significant  negative  displacement  occurring  while  some  loading  is 
still  on  the  structure.  Unlike  the  center  frame,  the 
displacements  of  the  rigid  frame  damp  out  faster. 
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Longitudinal  Frame 


The  longitudinal  frame  subdivided  into  four  bays,  had  three 
deflection  gages  (D8,  D9  and  DIO)  positioned  to  monitor  its 
behavior  during  the  tests.  Out  of  seven  trials,  only  Trials  Nos. 
5  and  6  produced  acceptable  results.  However,  during  these 
tests.  Gage  D9  was  overwhelmed  by  electronic  noise  and,  as  a 
result,  the  displacement  of  the  frame  could  only  be  measured  at 
the  center  of  the  column  (6  feet  above  the  top  of  the  foundation 
elevation).  Figures  29  and  30  illustrate  the  high-frequency 
nature  of  vibration  of  the  longitudinal  frame  which  has  lower 
displacements  than  the  center  and  end  frames  (because  it  is  more 
rigid) . 

Blastward  Wall  Girts 

The  girts  were  wide  flange  members  (W12  x  45)  of  length  6.1 
m  (20  ft).  The  readings  recorded  by  Gages  Dll  and  D12  provide 
the  absolute  displacement  of  the  centers  of  the  upper  and  lower 
girts  in  the  blastward  wall.  As  indicated  in  the  previous 
section,  to  obtain  the  true  or  relative  displacements  of  the 
girts,  the  effect  of  the  column  movements  has  to  be  considered. 

The  ductility  ratios  and  rotations  associated  with  the 
displacements  of  the  girts  are  compared  to  the  design  criteria 
listed  in  Reference  2  as  follows:  the  63.5-mm  (2.5-in) 

displacement  of  the  upper  girt  in  Test  4  corresponds  to  a 

rotation  of  1.19°  which  is  between  the  reusable  criteria  of  1° 
and  the  non-reusable  criteria  of  2°.  The  slight  web  crippling 
observed  in  the  girt  is  consistent  with  this  criteria.. 

The  gage  readings  for  the  other  tests  were  poor  and,  as 
such,  no  analysis  was  done  for  the  girts  except  for  Test  4. 

Wall  Panels  and  Roof  Decking 

The  panel  displacements  recorded  by  Gage  D13  already  account 
for  the  displacements  of  the  girts.  The  measurements  are  for  a 

section  of  the  panel  spanning  between  girts  [1.22m  (4.0  ft)] 
which  is  assumed  to  behave  more  or  less  as  a  fixed  supported 

beam.  On  the  basis  of  the  measured  displacement,  the  panels  were 
very  inadequate  for  the  magnitude  of  blast  loading  involved  in 
the  tests. 

A  peak  panel  displacement  of  approximately  0.193  m  (7.6  in) 
during  rebound  recorded  in  Trial  6  corresponds  to  a  rotation  of 
18°  which  is  much  greater  than  the  reusable  criteria  of  0.9°. 

The  opening  of  the  panel  seams  and  the  pull-out  of  several  screws 
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(connecting  the  panel  to  the  foundation),  thus  relieving  the  load 
on  the  panel,  are  consistent  with  the  criteria. 


Like  the  wall  panel,  the  roof  decking  material  (20-gage 
Magna-rib  Galbestos)  was  found  to  be  inadequate  for  the  type  of 
loading  involved.  Buckling  of  the  panels  was  evident  in  almost 
all  the  tests  performed.  This  is  consistent  with  the  reusable 
criteria  of  0.9°  rotation,  as  calculations  showed  that  a 
displacement  of  47.5  mrn  (1.87  in)  during  Trial  7  corresponded  to 
a  rotation  of  3.6°  for  a  1.52-m  (5-ft)  span. 
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ANALYTICAL  EVALUATION  OF  STRUCTURE 


Introduction 

Several  dynamic  analyses  of  the  main  frames  (center,  end  and 
longitudinal)  and  secondary  members  (girts,  purlins  and  panels) 
were  performed  using  single-  and  multi -degree-of-freedom  models 
to  represent  the  structural  systems.  The  purpose  of  these 
analyses  was  to  evaluate  the  analytical  and  design  procedures 
recommended  in  References  2  and  3. 

The  multi -degree-of-freedom  models  were  analyzed  with  the 
DYNFA  Computer  Program  (ref.  3)  wliile  numerical  integration 
techniques  were  used  in  analyzing  the  singl e-degree-of-freedom 
models.  Tlie  interactions  between  the  main  frames  and  the 
secondary  members,  between  the  girts  and  wall  panels,  and  between 
the  purl  ins 'and  the  roof  decking  were  also  checked  analytically. 

There  were  no  analyses  for  Tests  Nos.  1  and  2  since  most  of 
the  gages  failed  during  these  tests.  However,  from  the  results 
obtained,  it  is  apparent  that  the  structure  responded  elastically 
in  all  of  the  remaining  tests  (Tests  3  to  7),  and  except  for  some 
slight  web  crippling  in  the  some  of  the  girts,  there  were  no 
signs  of  plastic  deformations  in  the  structural  members. 

Evaluation  of  Fra'me  Analysis 

General 

Certain  factors  that  affect  the  response  of  the  frames 
were  not  considered  in  the  procedures  given  in  Reference  3.  To 
better  understand  the  behavior  of  a  rigid  frame  in  a  multi -framed 
building,  under  blast  loading,  a  series  of  parametric  studies 
v/ere  performed. 

The  design  of  blast-resistant  structures  is  based  on 
the  minimum  specified  yield  stress  of  the  materials  used. 
Therefore,  one  of  the  first  factors  to  be  considered  in  the 
parametric  studies  was  the  yield  stress  of  the  materials  used  in 
the  fabrication  of  the  structure.  Tensile  tests  were  performed 
by  Pittsburgh  Testing  Laboratory  of  Salt  Lake  City,  Utah. 

In  general,  the  yield  stress  of  the  materials  exceeded 
the  specified  minimum  of  248,211  kPa  (36,000  psi);  however,  the 
sample  taken  for  one  of  the  columns  had  a  yield  stress  of  245,454 
kPa  (35,600  psi )  which  was  lower  than  the  specified  minimum.  In 
calculating  the  capacities  of  the  different  members,  the  average 
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of  the  yield  stresses  determined  by  tensile  tests  of  the 
specitnens  was  used. 

The  procedures  listed  in  Reference  3  consider  only  the 
positive  phase  of  the  blast  loading  on  the  structure.  But  as 
test  results  shov/ed,  significant  peak  negative  pressures  were 
recorded  during  the  tests  and  these  had  a  direct  effect  on  the 
si  desway  of  the  frames. 

Tlie  effect  of  internal  pressure  was  considered,  but  no 
analyses  were  performed.  A  spot-check  of  tlie  measurements 
recorded  by  the  interior  gages  showed  that  the  interior  pressure 
was,  on  the  average,  16  percent  of  the  incident  pressure  and  it 
did  not  significantly  affect  the  sidesway  displacement  of  the 
frame. 


The  interaction  between  the  responses  of  the  secondary 
members  (girts  and  purlins)  and  main  frames  was  also  considered. 
The  procedures  presented  in  Reference  3  provide  for  the  design  of 
the  main  frames  on  the  basis  of  analyses  on  two  basic  frame 
models  as  shown  in  Figures  31  and  32.  Analyses  were  performed, 
using  tlie  modified  model  shown  in  Figure  33,  to  determine  if  the 
responses  of  the  secondary  members  would  affect  the  responses  of 
the  main  frames.  The  girts  and  purlins  were  represented  by  a 
series  of  si  ngl e-degree-of-freedom  models  (spring  with  mass 
constrained  to  move  in  one  direction  only).  These  SDOF  models 
were  connected  to  the  basic  frame  at  the  exact  locations  where 
the  purlins  and  girts  are  attached  to  the  structure.  The  spring 
constants  and  masses  for  tliese  models  were  computed  using  the 
methods  of  Reference  5. 

Effect  of  Actual  vs.  Design  Pressure  Waveforms 

Although  the  procedures  for  the  design  of  the  blast- 
resistant  structures  listed  in  Reference  3  do  not  account  for  the 
negative  phase  of  the  loading,  analyses  indicated  that  this  phase 
of  the  loading  had  a  significant  effect  on  the  sidesway  response 
of  the  frame.  Figures  34  through  37  compare  the  computed 
sidesway  response  of  the  frame  with  the  measurements  recorded  for 
Tests  3  through  6. 

An  excellent  correlation  of  the  first  positive  and  negative 
peak  displacements  was  made  for  Test  3  as  shown  in  Figure  34. 
The  available  data  was  just  enough  to  determine  a  3/4  cycle  of 
the  sidesway  displacement  of  the  center  frame  for  Test  4  and, 
again,  a  good  correlation  was  made.  There  were  significant 
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differences  between  the  test  and  analytical  results  for  Tests  5 
and  6. 

Similar  analyses  were  performed  for  the  rigid  end  and 
longitudinal  frames.  A  good  correlation  of  the  first  cycle  of 
the  sidesway  displacement  was  made  for  Test  5  of  the  rigid  end 
frame,  as  shown  in  Figure  38.  However,  dynamic  analyses  for  Test 
7  did  not  result  in  the  same  correlation  as  in  the  previous  test 
(fig.  39).  The  poor  correlation  in  Test  7  can  be  attributed  to 
the  failure  of  the  wall  panels,  thus  relieving  the  load  on  the 

frame.  Again,  analyses  for  the  longitudinal  frame  for  Tests  5 

and  6  (illustrated  in  figs.  29  and  30),  yielded  peak  positive 
displacements  that  greatly  exceeded  the  test  results.  Inspection 
of  the  DYNFA  results  indicated  that  plastic  deformations  occurred 
at  the  beam-column  connections  of  all  the  frames  during  all  the 
tests.  Such  deformations  were  not  apparent  on  the  frames  and  the 
differences  in  the  test  and  analytical  results  can  be  attributed 

to  these  "pseudo"  deformations. 

To  further  compare  the  actual  and  design  waveforms  and  also 
evaluate  the  impact  of  the  negative  phase  of  the  blast  loadings, 
tabulations  of  the  significant  response  parameters,  as  computed 

by  DYNFA,  are  provided  in  Tables  5  and  6.  The  results  in  Table  5 
were  obtained  using  the  procedures  outlined  in  TM  5-1300  to 
predict  the  pressure-time  histories,  whereas  the  values  of  Table 
6  were  obtained  with  the  actual  pressure-time  loadings  obtained 
from  Tests  3  and  4. 

Effect  of  Interactions  Between  Responses  of  Secondary  Members  and 
Main  Frames 

Additional  analyses  were  performed  to  determine  the  effect 
of  the  responses  of  the  secondary  members  (girts  and  purlins)  on 
the  behavior  of  the  main  frames.  Analyses  were  performed  on  the 
center  frame  for  Test  4  and  the  model  used  for  these  analyses  is 
shown  in  Figure  33.  The  curves  in  Figure  35  show  that  the 
responses  of  the  secondary  members  did  not  significantly  alter 
the  first  half  cycle  of  the  sidesway  displacement  of  the  center 
frame.  However,  the  rebound  displacement  was  altered 

considerably  because  less  energy  was  absorbed  by  the  girts  and 
the  remaining  energy  was  transferred  to  the  frame,  thereby 
creating  a  greater  elastic  response  in  the  rebound  phase. 

Evaluation  of  Analyses  of  Blastward  Wall  Girts 

Analyses  were  performed  to  evaluate  the  responses  of  the 
blastward  wall  girts.  A  variety  of  analytical  models  were 
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utilized  to  compute  the  responses  of  these  members.  These 
included: 

1.  Si  ngl  e-degree-of-freedom  (SDOF)  models  of  the 
individual  members. 

2.  Combined  secondary  member/frame  interaction  model  (fig. 
33). 

3.  Combined  wall  panel/girt  interaction  model  (fig.  40). 

These  analyses  were  performed  for  Test  4  only,  using  the 
pressure  waveforms  recorded  during  that  test.  The  actual  yield 
strength  of  the  material  used  to  fabricate  the  girt  and  panels 
was  also  used  in  the  analyses.  The  spring  constant  for  the 

single-degree-of-freedom  model  of  the  wall  panel  was  computed 
using  the  equations  provided  in  Reference  2. 

Plots  of  the  results  of  these  analyses  are  shown  in  Figure 
41  for  Test  4.  The  curves  indicate  that  the  SDOF  and  the 
combined  wall  panel/girt  models  yield  responses  that  compare  more 
favorably  with  the  test  results  than  the  combined  secondary 
model /frame  model. 

Evaluation  of  Analyses  of  Roof  Purlins 

Analyses  were  performed  to  evaluate  the  responses  of  the 

roof  purlin  computed  by  both  single-degree-of-freedom  analysis 
and  the  secondary  member/frame  interaction  analysis.  The  yield 
strength  of  the  material  used  to  fabricate  the  purlins  was  taken 
to  be  325,433  kPa  (47,200  psi).  This  value  was  obtained  from  the 
tensile  tests  performed  by  the  Pittsburgh  Testing  Laboratory  of 
Salt  Lake  City,  Utah.  The  full  moment  of  inertia  was  used  in  the 
analyses  which  were  performed  for  Test  4  only,  since  one  of  the 
two  gages  measuring  the  purlin  deflection  (D3)  failed  during  the 

other  tests. 

A  comparison  of  the  results  of  these  analyses  and  test 
results  are  shown  in  Figure  42.  The  SDOF  model  predicts  a 

response  very  similar  to  the  test  results.  However,  the  analysis 
which  included  the  interaction  of  the  secondary  member  and  the 
frame  produced  positive  and  negative  displacements  that  were  22 
percent  of  the  actual  displacements  recorded  by  Gages  D3  and  D14. 
A  close  inspection  of  the  DYNFA  output  showed  plastic 
deformations  occurring  after  the  first  displacement  cycle.  No 
plastic  deformations  were  apparent  in  the  purlin  after  Test  4. 
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Evaluation  of  Analyses  of  Blastward  Wall  Panel 

The  blastward  wall  panel  response  was  evaluated  analytically 
using  a  single-degree-of-freedom  model  and  a  combined  panel/girt 
interaction  model.  Figure  28  shows  that  the  test  results  for 
Test  5  differ  significantly  with  the  analytical  results.  These 
discrepancies  can  be  attributed  to  the  failure  of  the  panel  seam 
connections;  however,  further  investigation  is  warranted. 
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COMPARISON  OF  THE  PRE-ENGINEEKED 
ANU 

THE  STRENGTHENED  STEEL  BUILDINGS 


The  preceding  sections  dealt  with  the  tests  performed  on  the 
strengthened  steel  building,  their  description  and  evaluation, 
and  the  results  were  compared  to  the  design  procedures  and 
criteria  listed  in  References  2  and  3.  Similar  tests  were 
performed  on  a  pre-engi neered  building  and  the  evaluation  of 
those  test  results  are  presented  in  Reference  1. 

To  further  understand  the  behavior  of  the  pre-engi neered  and 
strengtfiened  steel  buildings,  and  to  pinpoint  the  similarities 
and  differences  in  their  responses  to  dynamic  (blast)  loads,  the 
two  structures  are  compared  in  this  section. 

The  overall  dimensions  of  the  structures  were  identical; 
namely,  24.4  m  (80  ft)  long  by  6.1  m  (20  ft)  wide  by  3.7  m  (12 
ft)  high.  Both  structures  were  subjected  to  several  tests 
involving  the  detonation  of  900  kg  (2,000  lb)  of 
ni trocarboni trate  of  different  locations  around  the  buildings. 
Tfie  measuring  gages  were  located  at  the  same  positions  on  the 
structures  (except  for  the  interior  pressure  gages  and  those 
gages  monitoring  the  behavior  of  the  longitudinal  frames),  thus 
allowing  for  a  comparison  of  tfie  responses  of  the  two  structures 
to  blast  loads. 

Main  Frames 

A  typical  interior  rigid  frame  of  the  pre-engi neered 
building  comprised  of  two  columns  and  a  girder  which  were 
fabricated  of  place  stock  having  a  minimum  static  yield  stress  of 
345,000  kPa  (50,000  psi).  The  center  (typical)  frame  of  the 
strengthened  steel  building  consisted  of  hot-rolled  W-shaped 
members  with  a  minimum  static  yield  stress  of  245,200  kPa  (36  000 
psi ). 


The  responses  of  both  structures  to  normal  blast  waves  were 
very  similar;  namely,  a  positive  peak  displacement  followed  by  a 
negative  displacement,  as  the  wave  front  travelled  from  one  end 
of  the  frame  to  the  other.  Both  structures  showed  a  significant 
(maximum)  sidesway  displacement  after  all  tfie  loading  was  off  the 
structures.  However,  at  higher  pressure  levels  (peak  side-on 
overpressures  of  approximately  8.9  kPa  or  1.3  psi),  some  plastic 
deformations  were  observed  in  the  columns,  girts  and  panels  of 
the  pre-engi neered  building.  No  plastic  deformations  were 
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observed  in  the  strengthened  steel  building,  although  buckling  of 
the  wall  panels  occurred  in  the  latter  tests. 

The  longitudinal  frames  could  not  be  compared  because  no 
pressure  gages  were  positioned  to  monitor  the  behavior  of  the 
longitudinal  frame  of  the  pre-engi neered  building. 

Secondary  Members 

Ttie  blastward  girts  of  the  pre-engi  neered  building  consisted 
of  Z-shaped  members,  6.1  m  (20  ft)  long  and  an  ultimate  flexural 
resistance  of  73,840.0  N  (16.6  kips).  The  outer  flanges  of  these 
girts  were  securely  fastened  to  the  wall  panels,  whereas  the 
inner  flanges  were  unbalanced.  This  resulted  in  greater 
deflections  of  the  girts  during  rebound  and,  consequently,  for 
peak  side-on  overpressures  as  low  as  5.1  kPa  (0.74  psi),  the  clip 
angles  connecting  the  girts  to  the  columns  were  twisted.  As  the 
peak  side-on  overpressure  increased,  the  girt  connection  bolts 
failed,  and  in  those  members  whose  connections  survived  the  blast 
loads,  plastic  deformation  was  apparent.  The  only  damage  to  the 
girts  of  the  strengthened  steel  building  was  slight  web  crippling 
observed  after  all  the  tests. 

Test  results  stiowed  that  the  panels  in  both  structures 
failed  at  higher  pressure  levels.  Due  to  the  inadequate 
connection  details  at  the  panel  seams,  the  interior  pressure 
levels  v;ere  relatively  higher  in  the  pre-engi  neered  building  than 
in  the  steel  building.  Thus,  the  effects  of  these  pressures 
(interior)  were  more  significant  in  the  analyses  of  the  pre¬ 
engineered  building. 

In  the  evaluation  of  the  effects  of  the  secondary  member 
displacements  on  ttie  responses  of  the  frames,  it  was  observed 
that  an  excellent  correlation  of  the  first  half  cycle  of  the 
si  desway  responses  of  both  structures  was  obtained  between 
analysis  using  the  basic  frame  model  and  that  using  the  refined 
model.  However,  during  the  rebound  phase,  analyses  showed  that 
the  center  frame  sidesway  displacement  (in  the  pre-engi neered 
building)  was  lower  than  shown  in  tlie  test  results.  The  opposite 
occurred  in  the  case  of  the  strengthened  steel  building.  This  is 
believed  to  have  occurred  because  a  larger  amount  of  energy  was 
absorbed  during  the  plastic  deformations  of  the  girts  in  the 
pre-engi neered  building,  thus  reducing  the  effect  on  the  rebound 
of  the  frame. 

Since  no  gages  were  furnished  to  measure  the  responses  of 
tlie  purlins  in  the  pre-engi  neered  building,  no  comparison  could 
be  made  for  ttiese  secondary  elements. 
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The  ductility  ratio  for  the  columns  and  girders  of  the 
pre-engineered  building  approached  the  non-reusable  design 
criteria  of  6  for  an  incident  pressure  of  6.89  kPa  (1.0  psi)  and 
exceeded  it  as  the  pressure  increased  to  8.62  kPa  (1.25  psi). 
The  girders  of  the  strengthened  steel  building  also  approached 
the  criteria  at  24.13  kPa  (3.5-psi)  side  on  overpressure  and 
exceeded  the  limit  as  the  pressure  increased  to  28.61  kPa  (4.15 
psi). 
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CONCLUSIONS  AND  RLCOMHENDATIONS 


Cuncl  usi  oris 

On  the  basis  of  the  test  results  and  analytical  evaluations, 
it  was  seen  that  the  strengthened  steel  building  survived  blast 
overpressures  as  high  as  48.3  kPa  (7.0  psi).  However,  the  wall 
and  roof  panels  failed  at  a  pressure  range  of  24.1  kPa  (3,2  psi) 
to  29. U  kPa  (4.21  psi),  furtheriTiore,  it  is  concluded  tliat  tlic 
methods  and  procedures  of  References  2  and  3  when  used  in  the 
desiyn  of  a  strengthened  steel  building  yield  fairly  accurate 
estimates  of  the  response  of  the  structure  and  the  sizes  of  the 
iivembers . 

Recornmendati  ons 

It  is  reconmended  that  the  methods  and  procedures  of 
References  z  and  3  be  extended  for  the  design  of  strengthened 
steel  buildings  to  include  the  following: 

1.  The  negative  phase  of  blast  loading. 

2.  Increase  in  the  yield  strength  of  the  cold-formed 
panels  due  to  the  effects  of  cold-working. 

3.  The  interaction  between  the  secondary  member  (girts  and 
purlins)  responses  and  the  frame  responses. 

4.  The  interactions  between  the  panel  responses  and  tiie 
secondary  member  responses. 

It  is  also  recommended  that  other  revisions  be  iiiade  so  as  to 
fully  develop  the  full  capacity  of  the  structure.  These  include: 

1.  Providing  bigger  washers  or  other  means  to  prevent  the 
heads  of  panel  screws  from  pulling  through  the  metal. 

2.  Strengthening  the  connection  of  wall  panels  at  the 
foundati on. 

3.  Using  high-strength  bolts  and  increasing  the  capacity 
of  anchor  bolts  to  be  consistent  with  the  blast 
capacities  of  the  structure. 
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Table  1.  Deflection  yage  schedule 


l''ieasurement  description 

Measurement  location 

Hei ght  above 

foundati on 

Gage 

No. 

Member 

Di recti  on 

Col umn 

1  i  ne 

m 

ft 

U1 

Column 

Horizontal 

3-A 

1.83 

6‘-U" 

D2 

Col umn 

Horizontal 

3-A 

3.28 

10‘-9" 

D3 

Gi rder 

Vertical 

3-i 
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Table  2.  Summary  of  pressure  measurements 
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Table  3.  Summary  of  strengthened  steel  building  test  results 

(continued ) 
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Table  3.  Summary  of  strengthened  steel  building  test  results 

(continued) 
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Tdble  3.  Suiimiary  of  strengthened  steel  building  test  results 

(concluded) 
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See  Note  on  previous  page. 


Table  4.  Summary  of  deflection  measurements 


Gage 

No. 

Test  #3 
(rnm) 

Test  #4 
(mm) 

Test  #5 
(mm) 

Test  #6 
(mm) 

Test  #7 
(mm) 

01 

33.27 

43.94 

37.34 

35.31 

30.99 

02 

28.96 

33.53 

26.67 

29.97 

27.69 

03 

- 

32.26 

- 

- 

- 

04 

32.77 

22.61 

21.59 

28.70 

32.77 

05 

10.41 

13.72 

8.38 

19.81 

12.45 

06 

,  - 

- 

13.21 

18.29 

20.80 

07 

21.86 

30.73 

33.53 

34.80 

36.32 

08 

4.32 

5.84 

6.60 

10.16 

5.33 

09 

23.62 

20.07 

- 

- 

- 

010 

8.38 

20.57 

20.83 

31.75 

20.32 

on 

51.05 

75.18 

59.44 

64.77 

52.07 

012 

41.91 

64.77 

58.39 

61.21 

93.73 

013 

45.21 

- 

166.12 

192.53 

45.97 

014 

45.47 

50.55 

52.83 

58.93 

56.90 

015 

22.10 

24.38 

25.40 

44.95 

47.50 
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Table  5.  Summary  of  results  of  DYNFA  analysis  utilizing  design  blast 
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Table  6.  Summary  of  results  of  DYNFA  analysis  utilizing  actual  blast  loads 
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Figure  1. 


Location  of  deflection  gages  on  test  structure 
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Figure  2.  Location  of  deflection  and  pressure  gages  on  side  wall 
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Figure  3.  Typical  deflection  gage  mount 
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Figure  4.  Deflection  gage  attachment  details 
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Figure  5.  Location  of  pressure  gages  on  test  structure 
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Figure  6.  Typical  pressure  gage  attachment  detail 


c/iA ofii. /£A/  TA  T/Ofsf  3 


40 


Figure  7.  Orientation  of  explosive  charge  and  camera  coverage 


41 


Figure  8.  Preparation  of  explosive  charge 


42 


Figure  9.  Pull-out  of  panel  seam  by  foundation 
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Figure  10.  Blastward  wall  panel  torn  loose 
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Figure  11.  Damage  to  roof  flashing 
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Figure  12.  Permanent  gaps  In  wall  panel  seams 


It 
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Figure  13.  Pull  out  of  panel  screws 
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Figure  14.  Failure  of  bolted  connection  at  column  base 
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Figure  15.  Damaged  blastward  wall 


PRESSURE, kPa  PRESSURE, kPo 


Figure  16.  Measured  free-field  pressures  for  Tests  1  and  3 
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Figure  17.  Measured  free-field  pressures  for  Tests  4  and  5 


50 


PRESSURE,  kPo  .  PRESSURE, hPo 


Figure  18.  Measured  free-field  pressures  for  Tests  6  and  7 
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Figure  19.  Measured  building  pressures  and  side-sway 
displacement  for  Test  3,  Center  frame 
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Figure  20.  Measured  building  pressures  and  side-sway 
displacement  for  Test  4,  Center  frame 
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Figure  21.  Measured  building  pressures  and  side-sway 
displacement  for  Test  5,  Center  frame 
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Figure  22.  Measured  building  pressures  and  side-sway 
displacement  for  Test  7,  Center  frame 
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Figure  23.  Measured  building  pressures  and  side-sway 
displacement  of  rigid  end  frame  for  Test  5 
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Figure  24.  Measured  building  pressures  and  side-sway 
displacement  of  rigid  end  frame  for  Test  7 
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Figure  25.  Measured  upper  girt  displacement  for  Test  5 
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Figure  26.  Measured  upper  girt  displacement  for  Test  6 
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Figure  27.  Measured  upper  girt  displacement  for  Test  7 
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Figure  28.  Typical  wall  panel  displacement,  test  and 
analytical  results 
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Figure  29.  Longitudinal  frame  side-sway  displacement, 
test  and  analytical  results  for  Test  5 
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Figure  30,  Longitudinal  frame  side-sway  displacement, 
test  and  analytical  results  for  Test  6 
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Figure  31.  Basic  transverse  frame  model 
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Figure  32.  Longitudinal  frame  model 


NOTE  = 

FOR  NODE  DIMENSIONS  a  LEGEND, 
SEE  FIGURE  19. 


Figure  33.  Basic  transverse  frame  model  including 
purlins  and  girts 
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Figure  34.  Center  frame  side-sway  displacement,  test 
and  analytical  results  for  Test  3 
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Figure  36.  Center  frame  side-sway  displacement,  test 
and  analytical  results  for  Test  5 
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Figure  37.  Center  frame  side-sway  displacement,  test 
and  analytical  results  for  Test  6 


70 


(mm) 


DISPLACEMENT,  inchM 


Figure  38.  Rigid  end  frame  side-sway  displacement,  test 
and  analytical  results  for  Test  5 
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Figure  39.  Rigid  end  frame  side-sway  displacement,  test  and 
analytical  results  for  Test  7 
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Figure  40.  Combined  wall  panel /girt  interaction  model 
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Figure  41.  Lower  girt  response,  test  and  analytical  results 
Tor  Test  4 
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Figure  42.  Purlin  response,  test  and  analytical  results 
for  Test  4 


APPENDIX  A 


_SPECIAL  PROVISIONS  FOR  FRAME  STRIJCTIIRFS 


INTRODUCTION 


The  basic  objective  of  the  tests  performed  on  the 
pre-eng,neered  and  strengthened  steel  buildings  was  to  determine 

niv/on^  •  analysis,  based  on  the  methods  and  procedures 

given  in  Reference  3,  provided  a  reasonable  estimate  of  [he 
response  of  a  rigid  frame  when  subjected  to  blast  loadings. 


A  series  of  parametric  studies  (as 
report)  were  performed  to  assess  the 
factors  on  the  response  of  the  frame: 


indicated  earlier  in  this 
impact  of  the  following 


It!®  actual  yield  stresses  of  the  materials  used  in 
the  fabrication  of  the  frame. 

(li)  The  negative  phase  of  the  blast  loading. 

(iii)  The  interaction  between  the  response  of  the 
secondary  members  and  the  main  frames. 

i-hsi-  stated  earlier  in  this  report,  it  was  discovered 

that  these  factors  greatly  affected  the  responses  of  the  main 

should  therefore  be  incorporated  in  the  analysis 
procedures  provided  in  Reference  3.  diybis 

EFFECT  OF  ACTUAL  STRENGTH  OF  MEMBERS 

^  and  analysis  of 

vifii  /  “^^^ad  on  the  minimum  specified 

n  the  materials  [usually  207.x  106  kPa  (36,000 

^°'^aver  It  has  been  discovered  that  in  most  cases,  the 
actual  materials  used  for  the  fabrication  of  the  primary  and 

exle°ls  of^Tp  '  stresses  in 

excess  of  the  specified  minimum.  Whenever  possible  tensile 

tests  should  be  performed  to  determine  the  actual  strengths  of 
in^thTaL^ysYs.^'^^  ^^®^^  stresses  should  be  used 

COMPUTATION  OF  BLAST  LOADS 

The  development  of  loading  functions  for  the  frame  analysis 
consists  of  subdividing  the  exposed  area  into  a  series  If 
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tributary  loading  areas  (each  associated  with  a  given  mass  point 
on  one  of  the  exterior  members  of  the  frame)  and  preparing  the 
pressure-time  histories. 

The  procedures  for  developing  the  loading  functions  for  the 
frame  analysis  are  described  in  detail  in  Chapter  5  of  Reference 
3.  However,  these  procedures  consider  only  the  positive  phase  of 
the  blast  loading;  the  negative  phase  is  not  considered.  As 
stated  in  Reference  6,  the  negative  phase  of  a  blast  wave  can 
roughly  be  compared  with  the  cubical  parabola: 

p  =  p  X  27/4  X  (T/T  )[1  -  (T/T  )]2  Equation  A.l 

where  p  =  negative  pressure  at  time  T 

p  =  maximum  negative  pressure 

T  =  negative  phase  time  of  interest 

T"  =  duration  of  negative  phase. 

By  differentiating  Equation  A.l  with  respect  to  T  and  setting  it 
equal  to  zero,  it  is  found  that  the  rise  time  of  the  negative 
peak  pressure  (or  the  maximum  peak  pressure)  occurs  at  one-third 
the  duration  of  the  negative  phase,  compared  to  one-eighth  of  the 
duration  recommended  in  Section  4-13  of  Reference  4. 

In  the  tests  performed  on  the  pre-engineered  building,  it 
was  realized  that  the  pressures  acting  on  the  rear  wall  were  for 
less  than  that  which  would  be  predicted  by  the  procedures 
outlined  in  TM  5-1300.  It  is  therefore  recommended  that  for 
frame  analysis,  the  positive  phase  blast  loads  acting  on  the  rear 
wall  of  a  structure  be  taken  equal  to  60  percent  of  the  incident 
overpressure.  However,  for  the  local  design  of  the  rear  wall 
itself,  the  procedures  of  TM  5-1300  should  be  adhered  to.  On  the 
other  hand,  the  magnitude  of  the  negative  pressures  acting  on  the 
rear  wall  should  not  be  reduced. 

Figures  A.l,  A. 2  and  A. 3  show  typical  waveforms  on  the 
blastward  wall,  blastward  and  leeward  ends  of  the  roof  of  a  rigid 
frame.  As  stated  in  Section  5.3  of  Reference  3,  the  waveforms 
have  to  be  phased  on  a  time  scale  to  simulate  the  effect  of  the 
blast  wave  traversing  the  structure.  The  phased  waveforms  have 
to  be  modified  again  to  account  for  the  time  lag  effects  and 
non-uniformity  in  the  loading  at  each  mass  point.  This  latter 
modification  is  not  required  for  the  negative  peak  pressure 
because  the  ratio  of  the  length  of  tributary  area,  a,  (for  an 
individual  mass  point)  to  twice  the  product  of  the  duration  of 
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the  negative  phase  and  the  shock  front  velocity  (2Ut(j^)  is 
usually  very  small,  and  can,  for  most  cases,  be  considered  to  be 
zero. 

DEVELOPMENT  OF  MODEL 

The  initial  task  in  the  analysis  is  the  formulation  of  the 
analytical  model  of  the  frame  under  consideration.  The  model 
should  accurately  reflect  the  configuration,  stiffness 
characteristics,  and  the  mass  distribution  of  the  structure.  A 
detailed  description  of  the  modeling  techniques  is  provided  in 
Chapter  4  of  Reference  3. 

However,  the  methods  of  Reference  3  provide  for  the  analysis 
of  the  main  building  frames  based  on  the  model  shown  in  Figure  31 
of  this  report.  To  incorporate  the  interaction  of  the  secondary 
members  (girts  and  purlins)  with  the  main  frames,  an  analytical 
model  similar  to  the  one  shown  in  Figure  33  can  be  used.  In  this 
model,  the  girts  and  purlins  are  represented  by  a  series  of 
Single-Degree-Of-Freedom  (SDOF)  systems  with  equivalent  masses 
and  stiffnesses.  These  SDOF  models  are  attached  at  the  exact 
locations  where  the  girts  and  purlins  are  attached  to  the  frame. 
The  blast  loadings  are  applied  directly  to  these  SDOF  models; 
hence,  the  direct  loading  on  the  frame  members  consists  of  the 
reactions  of  the  girts  and  purlins. 

PLACEMENT  OF  NODAL  POINTS  IN  THE  MODEL 

Nodal  points  in  the  model  are  usually  positioned  at  the 
following  locations: 

1.  The  intersection  of  two  or  more  frame  members  or  the 
connection  of  frame  members  to  a  supporting  structure 
(such  as  foundation). 

2.  Intermediate  points  on  the  exterior  members  to 

accommodate  mass  points. 

3.  Intermediate  points  on  exterior  members,  other  than 
mass  points,  where  additional  response  information 
(deflections,  bending  moments)  are  required. 

4.  Intermediate  points  on  members  with  gradual  or  abrupt 
variations  in  shape,  or  at  the  locations  of  structural 
di sconti nui ties  . 

A  detailed  description  of  the  above  four  items  is  presented 
i n  Reference  3 . 
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DESIGNATION  OF  DYNAMIC  DEGREES  OF  FREEDOM 

With  the  model  completely  defined  in  terms  of  beam  elements 
and  nodal  points,  each  discrete  mass  of  the  model  must  be 
assigned  a  degree  of  freedom  (either  horizontal  or  vertical)  as 
well  as  magnitude.  The  purpose  of  this  is  to  reproduce  the 
forces  developed  by  the  accelerating  mass  of  the  structure  when 
the  frame  responds  to  the  blast  loads. 

Intermediate  mass  points  on  exterior  members  are  allotted 

one  dynamic  degree  of  freedom.  The  direction  of  these  degrees  of 
freedom  is  always  normal  to  the  longitudinal  axis  of  the  member. 
To  develop  the  primary  sidesway  response  of  the  frame,  each  nodal 
point  corresponding  to  a  girder/column  intersection  is  assigned  a 
horizontal  and  a  vertical  dynamic  degree  of  freedom. 

COMPUTATION  OF  NODAL  MASSES 

A  detailed  description  of  the  computation  of  the  nodal 

masses  is  provided  in  Section  4.3  of  Reference  3.  However,  when 

the  interaction  of  the  secondary  members  with  the  main  frame's 

responses  is  taken  into  account,  slight  adjustments  have  to  be 
made  in  the  procedure  in  Section  4.3. 

The  ends  of  the  SDOF  members  (girts  and  purlins)  are  modeled 
as  support  points.  These  nodes  are  also  considered  as  mass 
points  and  an  equivalent  panel  mass  is  assigned  to  them.  In  the 
example  that  follows  in  this  appendix,  a  method  of  assigning 
equivalent  masses  to  these  nodal  points  is  given.  The 
distribution  of  the  panel  mass  among  the  other  nodal  points 
follows  the  procedure  given  in  Reference  3. 

In  the  following  sections,  an  attempt  is  made  to  illustrate 
how  procedures  in  References  2  and  especially  3  can  be  extended 
to  incorporate  those  factors  that  affect  the  responses  of  the 
main  frames.  The  example  presented  here  illustrates  how  the 
strengthened  steel  building,  described  in  the  first  part  of  this 
report,  was  analyzed. 

Example:  j^o.dejj^ng  _qf  Fj_a_m_e  St^  for  Analysis  with  the 

DYNFA  Program 

Problem:  Construct  the  analytical  model  of  the  unbraced,  rigid 
center  frame  of  a  single-story  strengthened  steel 
building  (Appendix  B)  subjected  to  a  normal  shock  wave. 
Prepare  the  related  input  data  for  DYNFA  (Reference  3). 
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Procedure: 


Step  1. 


Step  2. 


Step  3. 


Step  4. 

Step  5. 


Step  6. 


Establish  the  design  parameters; 

a.  Geometry  of  frame 

b.  Sizes  of  primary  frame  members,  secondary  members, 
decking  and  siding 

c.  Support  conditions  of  frame 

d.  Post-explosion  condition  of  structure 

e.  Static  tensile  stress,  Fy 

f.  Dynamic  increase  factor,  c 

g.  Modulus  of  Elasticity,  E. 

These  data  are  available  from  the  Engineering  Drawings 
and  tensile  test  results. 

Establish  the  scope  of  the  model  on  the  basis  of  the 
guidelines  given  in  Section  4.2  of  Reference  3.  Sketch 
a  line  diagram  of  the  frame  to  be  analyzed;  designate 
nodal  points  at  the  appropriate  locations  on  the  model. 
Assign  identification  numbers  to  the  nodal  points  and 
elements  as  shown  in  Figure  A. 4  and  specify  which  nodal 
points  are  designated  as  mass  points  (see  Sections  4.2 
and  8.3  of  Reference  3). 

Assign  dynamic  degrees  of  freedom  to  the  mass  points  of 
the  model  as  shown  in  Figure  A. 5,  using  the  guidelines 
given  in  the  previous  section  of  this  appendix  and  in 
Section  4.3  of  Reference  3. 

Compute  the  masses  of  the  individual  panels  of  the 
walls  and  roof  with  the  tributary  strip  supported  by 
the  frame. 

Compute  the  concentrated  masses  assigned  to  the  dynamic 
degrees  of  freedom  on  each  panel.  Tabulate  these 
masses  as  shown  in  Table  A.l.  Include  the  mass  of  the 
transverse  girders  in  this  tabulation. 

Determine  cross-sectional  properties  and  capacities  of 
the  frame  members.  The  cross-sectional  properties 
required  for  the  analysis  are: 
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a.  Area  of  cross-section,  A 

b.  Moment  of  inertia  about  an  axis  normal  to  the 
plane  of  the  frame,  Ix  or  ly,  as  the  case  may  be. 

The  cross-sectional  properties  required  to  compute  the 
member  capacities  are: 

a.  Area  of  cross-section,  A 

b.  Radii  of  gyration,  rx  and  ry 

c.  Plastic  section  modulus,  Zx  or  Zy,  as  required. 

The  capacities  required  for  the  analysis  are: 

a.  Ultimate  dynamic  load  capacity  in  axial  tension, 
Pp  (Equation  13,  Ref.  3). 

b.  Ultimate  dynamic  load  capacity  in  axial 
compression,  P^  (Equation  14,  Ref.  3). 

c.  Ultimate  bending  capacity  in  the  absence  of  axial 

load,  Mn^x  o'"  ^my*  depending  upon  the  axis  of 

bending  (Equation  Ba  or  5b,  Ref.  3). 

Tabulate,  as  shown  in  Table  4.2,  the  nodal 

connectivities,  cross-sectional  properties  and  the 

axial  load  and  bending  capacities  for  all  elements. 

Indicate  location  of  local  pins  in  this  tabulation,  if 
any,  utilized  in  the  analysis. 

Step  7.  Using  the  guidelines  provided  in  Figures'  23  and/or  24 
of  Reference  3,  establish  the  dimensions  of  the 
tributary  loading  areas  that  are  assigned  to  the  mass 
points  on  the  frame.  Compute  the  tributary  areas  and 
tabulate  both  the  dimensions  and  the  areas  as  shown  in 
Table  A. 3.  Note  that  the  tributary  areas  for  the  girts 
and  purlins,  modeled  as  SDOF  systems,  are  equivalent  to 
the  nodes  of  the  main  frame  to  which  they  are 
connected.  Combine  adjacent  coplanar  areas  assigned  to 
the  mass  point  (Figure  A. 6). 

Step  8.  Establish  the  following  blast  load  parameters: 

a.  Location  of  the  charge 

b.  Charge  weight,  W 
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c.  TNT  Equivalency.  Note  that  the  safety  factor  is 
not  included  in  an  analysis  problem. 

d.  Normal  distance,  R^,  from  the  center  of  the  charge 
to  the  blastward  and  leeward  walls  of  the 
building. 

Calculate  equivalent  charge  weight,  =  W  x  TNT 
Equi val ency . 


If  frame  gages  are  located  on  the  structure,  to 
accurately  determine  the  blast  loading  at  or  near  each 
nodal  mass  point,  then  this  and  the  next  four  steps 
(Steps  8  -  12)  can  be  ignored.  However,  it  shall  be 
assumed  that  no  gages  are  present  on  the  structure 
being  analyzed. 


Step  9.  a.  Compute  the  scaled  distances  from  the  center  of 
the  charge  to  the  blastward  and  leeward  ends  of 
the  building: 

Z  =  Ra/We^^ 

b.  Enter  Figure  4-5,  4-11  or  4-12  of  Reference  4  with 
each  of  the  scaled  distances  determined  above,  and 
read  from  the  appropriate  curves: 


Peak  positive  and  negative  incident 
pressures,  PgQ  and  P^q 

Scaled  unit  positive  and  negative  impulses, 
is/w^/^  and  ig/w^/^ 

Shock  front  velocity,  U. 

c.  Enter  Figure  4-5  or  4-12  of  Reference  4  with  the 
scaled  distance  for  the  blastward  wall  and  read 
from  the  appropriate  curves: 

Peak  positive  and  negative  normal  reflected 
pressures,  P^.  and  P^ 

Scaled  unit  positive  and  negative  normal 
reflected  impulses,  and  i^/w^/^ 

d.  Tabulate  all  values  as  shown  in  Table  A. 4. 
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step  10.  Using  the  blast  wave  parameters  determined  in  Steps  9b 
.  and  9c,  construct  the  reflected  pressure-time  history 
on  the  blastward  wall; 

a.  Calculate  clearing  time,  t^: 

tc  =  3S/U 

where  S  =  height  of  blastward  wall  or  one-half  its 
width . 

b.  Calculate  fictitious_  positive  and  negative  phase 

durations,  tof  and  tof: 

^of  ■  2is/Pso 

c.  Determine  peak  dynamic  pressure,  q,  from  Figure 

4-66  of  Reference  4  for  Psq* 

d.  Calculate  P50  +  CpqQ.  Obtain  Cq  from  paragraph 

4-146  of  Reference  4. 

e.  Calculate  fictitious  reflected  positive  and 

negative  pressure  durations,  t^  and  t,-; 

tp  =  2i,^/p,.  and  t^  =  2iJI/p^ 

f.  Calculate  the  rise_  time  of  the  negative 

pressure-time  curve,  tp|^: 

tpi^  =  0.333t,- 

g.  Construct  the  reflected  pressure-time  curve  as 

shown  in  Figure  A. 7. 

h.  Tabulate  all  values  as  shown  in  Table  A. 4. 

Step  11.  Using  the  blast  wave  parameters  determined  in  Step  9b, 
determine  the  combined  incident/drag  pressure-time 

histories  at  the  blastward  and  leeward  ends  of  the  roof 
as  follows; 

a.  Calculate  fictitious_  positive  and  negative  phase 

durations,  tof  and  t^f; 

tof  =  2is/Pso  and  t^f  =  2is/P“o 

b.  Determine  peak  dynamic  pressure  q  from  Figure  4-66 
of  Reference  4  for  Psq- 
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c.  Calculate  PgQ  +  CgqQ  for  the  blastward  end  of 
roof.  Obtain  Cq  from  paragraph  4-14c  of  Reference 
4.  For  the  combined  incident/drag  pressure  at  the 
leeward  end  of  the  roof,  use  60  percent  of 
incident  overpressure. 

d.  Tabulate  all  values  as  shown  in  Table  A. 4. 

Note  that  one  negative  pressure-time  history  is  assumed 
for  all  points  on  the  roof  and  another  for  all  points 
on  the  1 eeward  wal 1 . 

Step  12.  a.  Determine  the  pressure  history  at  the  location  of 

each  mass  point  on  the  roof  by  linear 
interpretation  for  both  the  peak  pressure  and  the 
duration,  using  the  data  computed  in  Step  11  and 
Equations  15  and  16  of  Reference  3. 

b.  Determine  the  pressure  history  for  each  mass  point 
on  the  leeward  wall  using  Equation  18  of  Reference 
3  and  the  data  computed  in  Step  11. 

c.  In  a  similar  manner,  interpolate  for  the  shock 
front  velocities  at  the  mass  points  on  the  roof, 
and  extrapolate  for  these  quantities  at  the  mass 
points  on  the  leeward  wall  . 

Tabulate  the  peak  pressures,  durations  and  shock 
front  velocities  as  shown  in  Table  A. 5. 

If  large  pressure  differentials  occur  between  the 
blastward  and  leeward  ends  of  the  roof,  ci  more 
refined  interpolation  for  the  pressure-time 
histories  may  be  required.  Refer  to  Section  5.3 
of  Reference  3  for  guidance,  if  this  is  necessary. 

Step  13.  Determine  the  values  of  parameters  a  and  D  for  each 

tributary  area.  Refer  to  Figures  30,  32,  33  and  34  for 
guidance  when  computing  these  quantities.  Tabulate  all 
values  as  shown  in  Table  A. 5. 

Step  14.  a.  Using  the  pressure  histories  and  shock  front 

velocities  determined  in  Steps  10  and  12,  the 
values  for  a  and  D  determined  in  Step  13,  and  the 
equations  given  in  Section  5.3  of  Reference  3, 
compute  the  following  blast-loading  parameters,  for 
each  tributary  area: 
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(1)  Travel  time,  computed  using  Equation  19 

(Ref.  3). 

(2)  Rise  time,  tpt »  computed  using  Equation  20 
(Ref.  3). 

(3)  Average  peak  positive  pressure,  (Ppk)A\/G. 
computed  using  Equation  21  (Ref.  3). 

(4)  Time,  tp|^,  at  which  (Pp|<)A\/G  occurs,  computed 
using  Equation  23  (Ref.  3). 

(5)  Duration  of  the  pressure  loading  on  the 
tributary  area,  t[)i ,  computed  using  Equation 
25  (Ref.  3). 

(6)  Time  at  which  the  positive  pressure  on  the 
tributary  area  decays  to  zero,  tj,  computed 
using  Equation  26  (Ref.  3). 

(7)  Ti^me  at  which  negative  pressure  is  maximum, 
tpk,  computed  as  indicated  in  Table  A. 5. 

(8)  Time  at  which  the  negative  pressure  decays  to 
zero,  tf,  computed  as  indicated  in  Table  A. 5. 

Tabulate  these  data  as  shown  in  Table  A. 5. 

b.  Using  the  parameters  determine  above,  generate  the 
digitized  data  defining  the  pressure-time  history 
input  for  DYNFA  as  described  in  Section  8.9  of 
Reference  3  and  illustrated  in  Figure  A. 8.  Assign 
an  identification  number  for  each  pressure 
waveform  entered  in  the  DYNFA  input. 

Step  15.  Compute  the  dead  and,  where  appropriate,  live  loads 
acting  on  the  frame.  Distribute  these  quantities  as 
uniform  and  concentrated  loads  as  described  in  Section 
8.10  of  Reference  3.  Tabulate  all  values  as  shown  in 
Tables  A. 6  and  A. 7. 

Step  16.  Compute  the  integration  time  interval  on  the  basis  of 
either  Equation  34  or  35  of  Reference  3  (whichever 
governs).  In  addition,  specify  the  desired  duration  of 
the  response  on  the  basis  of  the  sidesway  natural 
period  of  the  frame  as  computed  using  the  data  in  Table 
A. 8  of  this  appendix  and  either  Equation  36  or  37  (as 
the  case  may  require). 


85 


Step  17.  Locate  the  origin  of  the  global  system  for  the  model, 
establish  the  direction  of  the  global  axes,  (Section 
8.4  of  Reference  3),  and  specify  the  nodal  coordinates 
(Fig.  A. 4) . 

Step  18.  Transfer  the  nodal  coordinates,  together  with  the 
tabulated  data  (as  contained  in  Tables  A..1  through  A. 7) 
to  punched  cards  using  the  input  formats  for  DYNFA, 
which  are  specified  in  Section  8.13  of  Reference  3. 

Exampl e:  Construct  the  analytical  model  of  the  unbraced,  rigid 
center  frame  of  the  single-story  strengthened  steel 
building  (Appendix  B)  subjected  to  a  normal  shock  wave, 
and  prepare  the  related  input  data  for  DYNFA. 

Required:  The  analytical  model  and  all  related  input  data  for 
DYNFA. 


Step  1.  a.  Geometry  of  center  frame  on  Column  Line  3  (see 
Appendix  B)  with  the  girts  and  purlins  included  as 
spri ngs  (Figure  A. 4) . 

b.  Sizes  of  the  primary  frame  members: 

(1)  Roof  girder  W14  x  68 

(2)  Columns  W14  x  84 


Sizes  of  secondary  members,  decking  and  siding  are 
shown  in  Appendix  B. 

c.  Pin-ended  column  supports 

d.  Reusable  structure 


e.  From  the  tensile  test  results: 

(1)  Columns:  Fy/\yQ  =  251  x  10^  kPa  (36,410  psi) 

(2)  Girder:  Fy/^VG  =  280.7  x  103  kPa  (40,713  psi) 

(3)  Girts:  Fy/\vG  =  273.6  x  103  kPa  (39,680  psi) 

(4)  Purlins:  FyAVG  =  327.1  x  103  kPa  (47,433 

psi) 

f.  c  =  1.1 

g.  E  =  207  X  10^  kPa  (30  x  10^  psi). 
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step  2.  The  center  frame  is  modeled  for  analysis  as  shown  in 

•  Figure  A. 4.  The  model  includes  the  steel  frame, 

purlins  and  girts.  The  foundation  response  is  assumed 

to  have  a  negligible  impact  on  the  frame's  response. 

Step  3.  Assign  dynamic  degrees  of  freedom  to  the  mass  points  of 
the  model  . 

Consistent  with  the  guidelines  given  in  Section  4.3  of 
Reference  3,  the  dynamic  degrees  of  freedom  for  the 
model  are  designated  as  shown  in  Figure  A. 5.  Note  that 
Mass  Points  6  and  10  are  assigned  two  dynamic  degrees 
of  freedom. 

Step  4.  Compute  the  masses  of  the  individual  wall  and  roof 

panels  within  the  '  tributary  strip  supported  by  the 
frame  (Fig.  A.6). 

a.  Wall  Panel; 

(1)  Siding:  Type  2  -  4  x  12 

Weight  =  14.6  kg/m^  (3  psf) 

Mass  =  14.6  X  6.1  x  4.2  =  374  kg 
(832.5  lb) 

(2)  Columns:  125  kg/m  (W14  x  84) 

Length  =  4.2  m  (13.875  ft) 

Mass  =  4.2  X  125  =  525  kg 
(1,165.5  lb) 

(3)  The  mass  of  a  wall  panel,  M^^,  is: 

M^^  =  374  +  525  =  899  kg  (1,998  lb) 

b.  Roof  Panel : 

(1)  Decking,  Weight  =  18.6  kg/m^  (3.8  psf) 

Mass  =  18.6  X  6.1  x  6.1  =  692.1  kg 
(1,520  lb) 

(2)  Girder:  101  kg/m  (W14  x  68) 

Length  =  6.1  m  (20  ft) 
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Mass  -  101  X  6.1  =  616.1  kg 
(1,360  lb) 

(3)  Mass  of  Roof  Panel,  Mr,  is: 

Mr  =  692.1  +  616.1  =  1,308.2  kg  (2,880  lb) 

c.  Girts:  67  kg/m  (W12  x  45) 

Length  =  6.1  m  (20  ft) 

Mass,  mg  =  67  X  6.1  =  408.7  kg  (900  lb) 

d.  Purlins:  32.7  kg/m  (W14  x  22) 

Length  =  6.1  m  (20  ft) 

Mass,  mp  =  32.7  x  6.1  =  199.5  kg  (440 
lb) 

e.  Transverse  Girders:  59.5  kg/m  (W14  x  40) 

Length  =  6.1  m  (20  ft) 

Mass,  m^g  =  6.1  x  59.5 

=  363  kg  (800  lb) 

Girt  at  Top:  67  kg/m  (W12  x  45) 

Length  =  61  m  (20  ft) 

Mass  =  6.1  X  67  =  408.7  kg  (900  lb) 

Channels:  14.6  kg/m  (C7  x  9.8) 

Length  =  6.1  m  (20  ft) 

Mass  =  6.1  X  14.6  =  89.1  kg  (196  lb) 

Two  4  X  12  Sections:  10.3  kg/m  (6.9  Ib/ft) 

Length  =  6.1  m  (20  ft) 

Mass  =  6.1  X  10.3  =  62.8  kg 
(138  lb) 
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Total  Mass  =  363  +  408.7  +  89.1  +  62.8 
=  923.6  kg  (2,034  lb) 

Step  5.  Compute  the  concentrated  masses  assigned  to  the  dynamic 
degrees  of  freedom  in  each  panel. 

a.  Intermediate  mass  points  on  blastward  wall  (Nodes 
2,  4,  11,  13,  15,  16,  20  and  21) 

For  each  node: 

Impanel  "  14.6  x  1.22  x  6.1  =  109  kg  (240  lb) 

Mgirt  ~  X  6.1  =  408.7  kg  (900  lb) 

^panel  ^girt  “  408.7 

=  517.7  kg  (1,140  lb) 

Me  =  Kl|v]  (Mpgnei  +  Mgirt) 

From  Reference  5: 

KLM  =  (0-78  +  0.66)/2  =  0.72 

Me  =  0.72  X  517.7  =  372.7  kg  (820.8  lb) 

(Mih)w  =  [Mw/(Nd0FH  +  1)]  +  Mgirt 
=  [899/(2  +  1)]  +  408.7 
=  708. 4  kg  (1,566  lb) 

(Mih)w  =  (Mih)w  -  Me 

=  708.4  -  372.7  =  335.7  kg  (745.2  lb) 

b.  End  Mass  Points  (Nodes  6  and  10) 

(1)  Horizontal 

(a)  Wall  panel  contribution: 

(Meh)w  =  Mh/[2(NdofH  +  1)] 

-  899/2(2  +  1)  =  149.8  kg  (333 
lb) 
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(b)  Girder  contribution: 

^girder  “  ^g/^  “  616.1/2 

=  308.1  kg  (680  lb) 

(c)  Transverse  girder  contribution: 

Mtgh  =  923.6  kg  (2,034  lb) 

(d)  Roof  panel  contribution: 

(^EH)r  ^  (^decking  ‘•'^f^purl  i n)/^ 

=  [692.1  =  3(199. 5)]/2 
=  645.3  kg  (1,420  lb) 

('^EH)r  =  Klm(Meh)r 
=  0.72(645.3) 

=  464.6  kg  (1,022.4  lb) 

(2)  Vertical  direction: 

(a)  Roof  panel  contribution: 

(Mev)r  =  Mr/[2(NdofV  +  1)] 

=  l,308/[2(3  +  1)] 

=  163.5  kg  (360  lb) 

(b)  Column  contribution: 

Mcol/2  =  525/2  =  262.5  kg  (582.8  lb) 

(c)  Wall  Panel  contribution: 

ng 

Klm(Ms 

iding  +  XMgirt/2 
i 

=  0.78[374  +  2(408. 7)]/2 
=  464.6  kg  (1,026.7  lb) 
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(d)  Transverse  Girder  contribution: 

Mjgv  =  923.6  kg  (2,034  lb) 

c.  Intermediate  Mass  Points  on  Roof  (Nodes  7,  8,  9, 
17,  18  and  19) 

^purlin  “  32.7  x  6.1  =  199.5  kg  (440  lb) 

Impanel  =  1-52  x  6.1  x  18.6  =  172.5  kg 

Me  =  I^LM(''^panel  *^purlin) 

=  0.78(199.5  +  172.5)  =  290.2  kg  (639.6  lb) 

(MIv)r  =  [Mr/(NqofV  +  1)]  =  Mpurlin 
=  [1.308/(3  +  1)]  +  199.5 
=  526.5  kg  (1,160  lb) 

(Miv)r  =  526.5  -  290.2  =  236.3  kg  (520.4  lb) 

The  concentrated  masses  for  the  wall  and  roof  panels  are 
tabulated  in  Table  A.l.  Note  that  these  are  several 
contributory  masses  assigned  to  the  mass  points  at  the 
girder/column  connection. 

Step  6.  Determine  the  cross-sectional  properties  and  capacities 
of  the  frame  members : 

a.  Girts:  W12  x  45 

(1)  Spring  constants 
K  =  384EI/5l3 

=  [384  X  (207  X  10^)  x  0.00015]/5(6.3)3 
=  10,505.9  kN/m  (58,333.3  Ib/in) 

(2)  Equivalent  area  of  spring 
A  =  KL/E 

=  (10,505.91)(6.1)/(207  x  lO^) 

=  0.00031  m2  (0.4.66  in2) 
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(3)  Resistance 

Tu  =  8Mp/L2 

(4)  Moment  capacity 

Mp  =  FdyS  =  (1.1)(273.6  X  103)(0. 00095) 

=  285.91  kN-m  (2,540.3  k-in) 

(5)  Capacity  in  axial  direction 

Tu  =  8(285. 91)/(6. 1)2  =  61.5  kN/m  (0.353  k/in) 
Pp  =  Pu  =  ^uL  =  (61.5)(6.1) 

=  375.12  kN  (84,720  lb) 
b.  Purl  ins  W14  x  22 

(1)  Spring  constant 
K£  =  307EI/L3 

=  307(207  X  106)(0. 00008)7(6. 1)3 
=  22,398  kN/m  (132,580.3  Ib/in) 

(2)  Equivalent  area  of  spring  system 
A  =  K£L/E 

=  22,398  (6.1)7(207  x  10^) 

=  0.00066  m2  (1.06  in2) 

(3)  Resistance 
ru  =  16Mu/l2 

(4)  Moment  capacity 

%  =  PdyS  =  (1.1)(327.1  x  103) (0.00047) 

=  169.1  kN-m  (1,507,895.1  lb-in) 


92 


(5)  Capacity  in  axial  direction: 


Pp  =  Pu  =  '"uL  =  16(169. 1)/6.1 
=  443.6  kN  (100,526.3  lb) 
c.  Girder  W14  x  68: 

Ffjy  =  308.77  X  103  kPa 
E  =  207  X  10^  kPa 
1/ry  =  1.524/0.0625  =  24.4 

[1.07  -  (24.4  X  »^380.77  x  103)/262 ,394]Mpx 
<  Mpx 

=  0.91  Mpx 

Mpx  =  PdyZx  =  (380.77  x  lO^) (0.00188) 

=  580.5  kN-m  (5,150.194.5  lb-in) 

M,„x  =  0.91(580.5)  =  528.3  kN-m 
Pp  =  Pdy^  =  (280.7  x  103)(0.013)  =  4,014  kN 
Pu  =  1*7  FaA 

Pa  =  _ _[1  -  (Kl/r)2/2c2]Fc|y 

5/3  +  3/8[(Kl/r)/(Cc)]  -  [(Kl /r)3/8C^] 

Cc  =  '72TT2E/Fay  =  /2tt2(207  x  1o6)/308.8  x  lO^  =  115. 
1/ry  =  24.4 

Kl/rx  =  (0-75  X  6.1)/0.153  =  29.9 

Fa  =  [1  -  (29.9)2/2(115)2]308.8  x  lO^ 

5/3  +  3/8(29.9/115)  -  ( 1/8) (29 .9/115 )3 

=  168.9  X  103  kPa  (24.5  ksi) 

Pu  =  (1.7)(168.9  X  103)(0.013) 

=  3,732  kN  (833.4  lb) 
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d.  Column  W14  x  84 

Fdy  =  cFy  =  (1.1)(251  x  lO^) 

=  276.1  X  10^  kPa  (40,051  psi ) 

‘V  =  FdyZx  =  (276.1  X  1u3)(0.0024) 

=  656.1  kN-rii  (5,807,395  lb-in) 

1  =  distance  between  girts 
1/ry  =  1.22/0.077  =  15.9 
kl/rx  =  (1.5)(3.66)/0.156  =  35.2 
^iiix  =  [1-07  -  (15.9  /276.1  x  103 )/262 ,394]Mpx  _<  Mp^ 

=  1,038  Mps 

Use  =  Mpx  656.1  kN-m  (5,870,395  lb-in) 

=  FdyA  =  (276.1  X  1o3)(o.0159) 

=  4,389.9  kN  (989,259.7  lb) 

=  1-7  FaA 

Cc  =  v^Tv^E/Fdy  =  /2t;2(207  x  10^)/276.1  x  103 
=  121.7 

f'a  =  [1  -  (35.2)3/2(122)3]276.1  x  103 

5/3  +  3/8(35.2/122)  -  (35.2)3/8(122)3 
=  149.3  X  103  kPa  (21.4  psi) 

Pu  =  (1.7)(149.3  X  1o3)(0.0159) 

=  4,035.58  kN  (899.4  k) 

Valup  for  Pp,  P^j  and  for  all  members  are 

tabulated  in  Table  A. 2,  together  with  the 
identification  numbers  and  nodal  connectivities  for 
the  elements  representing  them. 


94 


step  7.  E_stablish  the  dimensions  of  the  tributary  areas 
assigned  to  the  mass  points  on  the  frame. 

Dimensions  of  tributary  areas  for  each  nodal  mass  point 
are  shown  in  Figure  A. 6.  For  the  girts  and  purlins, 
the  same  tributary  areas  assigned  to  the  nodes  to  which 
the  girts  and  purlins  are  connected,  are  used  also. 
The  dimensions  of  each  tributary  area  are  shown  in 
Tabl e  A. 3 . 

Step  8.  Establish  blast  loading  parameters. 

Note:  In  order  to  use  figures  in  Reference  4,  units 

will  be  kept  in  the  normal  convention.  This 
applies  through  Step  14: 

a.  Location  of  charge:  Surface  burst 

b.  Charge  weight:  W  =  2,000  lb 

c.  TNT  Equivalency  =  0.455 

d.  Normal  distance  to  blastward  wall:  162  ft 

e.  Normal  distance  to  leeward  wall:  182  ft 

f.  Effective  charge  weight:  W£  =  W  x  TNT  Equivalency 

=  (0.455)(2,000) 

=  910  lb. 

Step  9.  W£  =  910  lb;  =  9.69  lb 

Point  on  blastward  wall: 

a.  Ra  “  162  ft 

Z  =  162/9.69  =  16.72  ft/lbl/3 

b.  Entering  Figure  4-12,  Reference  4  with: 

Z  =  16.72  ft/lbl/3 

Pso  =  3.8  psi ;  Pso  =  0.82 
is/wl/3  =  6.0  psi -ms/1 bl/3 
is/W  ^  =  5.4  7.8  psi-ms/lbl/3 
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I's  -  (6.0)(9.69)  =  58.12  psi-ms 
is  =  (5.4)(9.69)  =  52.3  psi-ms 
U  =  1.2  ft/ms 

Steps  9a.  and  9b.  are  repeated  for  the  point  on 
the  1 eaward  wall  . 

c.  Entering  Figure  4-12,  Reference  4  with: 

Z  =  16.72  ft/lbl/3 

Pf  =  8.6  psi 
Pr  =  1.7  psi 

if/wl/^  =  13.0  psi-ms/lbl/3 
ip/w^/^  =  10.0  psi-ms/lb^/^ 
ir  =  (13)(9.69)  =  125.98  psi-ms 
i;  =  (10)(9.69)  =  96.90  psi-ms 

d.  All  values  are  tabulated  in  Table  A. 4. 

Step  10.  Determine  the  reflected  pressure-time  history  for  the 
bl astward  wal 1 : 

a.  tc  =  35/U  =  3(12.0)71.25  =  28.8  ms 

b.  tgf  =  Zig/PgQ 

=  2(58.12)73.8  =  30.59  msec 

c.  Pq  =  0.34  psi  (Fig.  4-66,  Ref.  4) 

d.  From  paragraph  4-14b  of  Reference  4: 

Cg  =  1.0  for  the  blastward  wall 

^so  Cgqo  =  3.8  +  1.0(0.34)  =  4.14  psi 

e.  tp  =  2ir7Pr  =  2(125.98)78.6  =  29.3  ms 
t;  =  2i“7P;  =  2(96.9)71.7  =  114.0  ms 
tpk  =  (173)t;:  =  (173)(114.0)  =  38.0  ms 
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for  the 


g.  The  reflected  pressure-time  history 
blastward  wall  is  shown  in  Figure  A. 7. 

h.  All  values  are  tabulated  in  Table  A. 4. 

Step  11.  Determine  the  combined  incident/drag  pressure-time 
history  at  the  blastward  end  of  the  roof. 

^so  “  ^^s/^so 

tgf  =  30.59  ms  (from  Step  10b) 
tof  =  2is/Pso  =  2(52.33)70.82  =  127.63  ms 
b.  qo  =  0.34  psi  (from  Step  10c) 
c'.  From  paragraph  4-14c  of  Reference  4: 

Cd  =  -0.4 

Therefore,  Psq  +  C^qo  =  3.8  +  (-0.4)(0.34) 

=  3.66  psi 

d.  Steps  11a.  and  11b.  are  repeated  for  the  point  at 
the  leeward  end  of  the  roof,  all  values  are  shown 
in  Table  A. 4.  Note  that  one  negative 

pressure-time  history  is  assumed  for  all  mass 
points  on  the  roof  and  another  for  all  points  on 
the  1 eeward  wal 1 . 


Step  12.  a.  Determine  the  pressure-time  histories  at  the 
locations  of  all  mass  points  on  the  roof,  using 
Equations  15  and  16  of  Reference  3,  and  the  data 
determined  in  Step  11. 


At  the 

(Ppk)B 

(^dr)B 
At  the 

(Ppk)L 
(^dr )l 


blastward  end  of  the  frame: 
=  Pso  +  C^qo  =  3.66  psi 
=  tgf  =  30.59  ms 
leeward  end  of  the  frame: 

=  Pso  +  Coqo  =  3.19  psi 
=  tgf  =  32.4  ms 


Lr  =  20  ft 
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For  Node  Point  8  on  the  roof,  for  example: 
l8  =  10  ft 

Using  Equations  15  and  16  of  Reference  3: 

(Ppk)8  =  3.664  -  (3.664  -  3.196)10/20  =  3.43  psi 
(l'dr)8  ~  30.59  -  (30.59  -  32.4)10/20  =  31.5  ms 

b.  Determine  the  pressure-time  histories  at  the 

locations  of  all  mass  points  on  the  leeward  wall 

using  Equation  18  of  Reference  3  and  the  data 

determined  in  Step  11: 

For  Node  Point  11  on  the  leeward  wall: 

111  ^  0.0  ft 

(*^pk)ll  “  0.60  X  3.8  =  2.28  psi 
(l^dr)ll  =  37.0  ms 

The  blast  loading  parameters  defining  the  pressure 
waveforms  (Ppi<,  tjp)  at  all  of  the  mass  points  are 
shown  in  Table  A. 5.  For  Nodes  15  through  21, 

values  determined  for  Nodes  2,  4,  7,  8,  9,  11  and 
13  are  used,  respectively. 

c.  The  shock  front  velocity  remains  constant  as  the 

wave  traverses  the  building;  therefore,  no 

interpolation  or  extrapolation  of  this  quantity  is 
required  in  this  problem. 

Step  13.  Determine  the  values  of  a  and  D  for  the  tributary 
areas . 

Based  on  the  dimensions  of  the  tributary  areas  shown  in 
Figure  A. 6,  and  using  Figure  32  of  Reference  3  for 
guidance,  the  values  of  a  and  D  are  shown  in  Table  A. 5. 

Step  14.  a.  Compute  the  blast  loading  parameters  for  modifying 
the  pressure-time  histories  at  each  mass  point. 

For  Node  Point  8: 
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From  Step  12a. 


(Ppk)8  =  3.42  psi 
(tdr)8  =  31.5  ms 
Us  =  1.2  ft/ms 


From  Step  13:  a  =  5.0  ft,  D  =  7.5  ft 
(From  Eq.  19,  Ref.  3)  1.  ta  =  D/U/\vG 

=  7. 5/1. 2  =  6.25  ms 
(From  Eq.  20,  Ref.  3)  2.  t^t  =  a/Us 

=  5/1.2  =  4.17  ms 

(From  Eq.  21,  Ref.  3)  3.  (Ppk)AVG  " 

Ppkt^  ~  (a/2Ut(jr)] 
(Ppk)AVG8  = 

3.43[1  -  5/(2  X  1.2 
X  31.5)]  =  3.2  psi 

(From  Eq.  23,  Ref.  3)  4.  tp^  =  tg  +  t^t 

=  6.25  +  4.17 
=  10.42  ms 

(From  Eq.  25,  Ref.  5)  5.  t[)i  =  trt/2  +  t^r 

=  4.17/2  +  31.5 


=  33.59  ms 

(From  Eq.  26,  Ref.  3)  6.  tj  =  tg  +  tpi 

=  6.25  +  33.59 
=  39.83  ms 


7. 


tpk  =  tj  +  tpk 

=  tj  +  (l/3)tof 
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=  39.83  +  (1/3)127.0 
=  82.2  ms 

8.  tj  -  tj  +  tg-f 


=  39.83  +  127.0 
=  166.8  ms 

The  values  of  these  parameters  for  other  mass 
points  are  computed  in  a  similar  manner  and  all 
results  are  tabulated  in  Table  A. 5. 

Generate  the  digitized  data  defining  the  pressure-time 
history  input  for  DYNFA  as  described  in  Section  8.9 
(Ref.  3). 

For  Node  8: 


Pressure 

Time 

Point 

Parameter 

Val  ue 
(psi) 

Value 

Parameter  (sec) 

1 

- 

0.00 

- 

0.0000 

2 

- 

0.00 

ta 

0.0056 

3 

(Ppk)AVG 

3.20 

tpk 

0.0104 

4 

- 

0.00 

tT 

0.0398 

5 

Ppk 

0.82 

* 

tpk 

0.0822 

6 

- 

0.00 

* 

tf 

0.1668 

7 

0.00 

tf 

0.2000 

Step  15.  Compute  the  dead  loads  acting  on  the  frame  and 
distribute  these  loads  among  the  elements  and  nodal 
points  of  the  model . 

a.  Distribution  of  the  weight  of  a  roof  panel: 

(1)  The  uniform  load  acting  on  the  girder 
consists  of  its  own  weight. 
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w  =  101.2  kg/m  (5.67  Ib/in) 

This  load  is  applied  to  Elements  6,  7,  8  and 

9. 


(2)  The  concentrated  loads  acting  along  the 
girder  consists  of  the  reactions  of  the 
purlins.  Each  purlin  supports  its  own  weight 
as  well  as  one-third  the  weight  of  the 
decking  with  each  roof  panel. 

From  Step  4: 

Weight  of  decking  =  689.5  kg  (1,520  lb) 

Weight  of  purlin  =  199.6  kg  (440  lb) 
Concentrated  load  acting  along  girder 
(Nodes  7,  8  and  9) 

=  (l/4)(689.5)  +  199.6  =  372  kg  (820  lb) 

The  remaining  one-fourth  of  the  decking 
weight  is  supported  by  the  transverse  girders 
and,  therefore,  is  applied  at  each 
girder/column  connection. 

Decking  weight  =  689.5  kg  (1,520  lb) 

Weight  shared  by  Nodes  6  and  10  =  689.5/4 

=  172.4  kg  (380  lb) 

Therefore,  each  node  gets  172.4/2 

=  86.2  kg  (190  lb) 

Apply  this  concentrated  load  to  Nodes  6  and 

10. 


b.  Distribution  of  the  weight  of  a  wall  panel: 

(1)  The  distributed  load  acting  on  the  column  is 
its  own  weight: 

w  =  125  kg/m  (7  Ib/in) 
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This  load  is  applied  to  Elements  1  through  5, 
and  10  through  13. 

(2)  Weight  of  girt  plus  that  of  wall  panel 
supported  by  girt  is  applied  to  the 
girt /column  connection. 

From  Step  5: 

Weight  of  panel  =  14.6  x  6.1  x  1.22 


=  108.9  kg  (900  lb) 
Total  weight  -  108.9  +  408.7 

=  517.6  kg  (1,140  lb) 


Applied  to  Nodes  2,  4,  11  and  13. 

(3)  The  portion  of  the  wall  panel  supported  by 
the  transvere  girder  is; 

1.22  X  6.1  X  14.6  =  108.9  kg  (240  lb) 

Applied  to  Nodes  6  and  10. 

The  weight  of  the  transverse  girders  is  applied 
directly  to  the  girder/column  connection  (Nodes  6 
and  10). 

Transverse  girder  =  922.6  kg  (2,034  lb) 


(From  Step  4) 


The  dead  loads  applied  to  the  elements  are 
tabulated  in  Table  A. 6;  concentrated  loads  applied 
to  the  appropriate  nodal  points  are  shown  in  Table 

A. 7. 


Step  16.  Compute  the  integration  time  interval  and  specify  the 
duration  of  the  response. 


Integration  time  interval; 

Check  extensional  modes  for  primary  numbers. 


(Eq.  34,  Ref.  3)  ' 
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a.  Column:  L  =  3.66  m  (12  ft) 

Mg  =  Contributions  from  roof  panel  +  wall  panel 
+  main  girder  +  transverse  girder 
=  163.5  +  464.5  +  308.1  +  923.6 
=  1,859  kg  (4,100.7  lb) 

=  1.860  kN-sec^/m  (10.6  Ib-sec^/in) 

A  =  0.0159  m2  (24.7  in2) 

E  =  207  X  106  kPa  (30  x  106  psi) 

■  Ta  =  2r/3. 66(1. 860)7(0. 0159)(207  x  106) 

=  0.00902  sec 

b.  Roof  girder:  L  =  6.1  m  (20  ft) 

Mg  =  Contributions  from  wall  panel  +  roof  panel 
+  column  +  transverse  girder 
=  464.5  +  163.5  +  262.5  +  923.6 
=  1,814.1  kg  (4,003.5  lb) 

=  1.814  kN-sec2/m  (10.4  lb-sec2/in) 

A  =  0.013  m2  (20  in2) 

E  =  207  X  106  kPa  (30  x  lO^  psi) 

Ta  =  2ir^.l(l. 814)7(0. 013)(207  x  10^) 

=  0.0128  sec 

Check  second  bending  modes  of  vibration  of  columns 
and  roof  girder. 

Tb  -  (l/C)/MiL37EI  (Eq.  35,  Ref.  3) 

(1)  Column: 

C  =  7.95 
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2 

Mt  =Xmi  =  2(335.7)  =  671.4  kg  (1,490.4  lb) 
1=1 

=  0.671  kN-sec^/m  (3.86  Ib-sec^/in) 

L  =  3.66  m  (12  ft) 

I  =  0.00039  (928  in^) 

E  =  207  X  10®  kPa  (30  x  10®  psi) 

Tb  =/l/7.95)  (0.671)(3.66)-i/(207  x 
10®)(0. 00039) 

=  0.00254  sec 
(2)  Roof  girder: 

C  =  19.2 

L  =  6.1  m  (20  ft) 

3 

Mi  mi  =  3(236.3) 
i  =  l 

=  708.9  kg  (1,561.2  lb) 

I  =  0.00030  iti4  (724  in^) 

Tb  =^(1/19. 2)  (0.7089)(6. 1)3/(207  x 
lO^^)  (0.0003) 

=  0.00265  sec 

Inspection  of  these  results  indicates  that 
the  second  bending  mode  of  the  column  has  the 
shortest  period;  hence,  the  integration  time 
increment  used  is  1/20  of  this  period. 

4t  =  0.00254/20  =  0.00013  sec 

~  0.00015  sec.  i 

Duration  of  response  and  number  ’  of 
integration-time  increments; 
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Compute  sidesway  natural  period  of  frame. 


Ts  =  2nJme/KKL  (Eq.  36,  Ref.  3) 

From  Step  4; 


Mass  of  roof  panel  1,308.0  kg 

Mass  of  purlins  (3  x  199.5)  598.5 

Mass  of  transverse  girder 

(2  X  923.6)  1,847 -2 

3,753.7  kg 

Mass  of  wall  panel  (2  x  899)  1,798.0  kg 

Mass  of  girt  (4  x  408.7)  1,634.8 

3, '432. 8  kg 


Mg  =  3,753.7  +  3,432.8 

=  7,186.5  kg  (10,800  lb) 

=  7 . 187kN-sec2/m 

From  Table  8,  Reference  3: 

K  =  (EI)ca/H  X  C2CI  +  (0.7  -  0.1  )(n  -  1)] 

n  =  1;  (i=  0;  =  I 

D  =  Ig/L/[Ica(0.75  +  0.25  )/H] 

=  (0. 003/6. l)/[90.00039)(0.75)/3. 66]  =  0.62 

Interpolating  for  C2: 

D2  =  0.62  implies  C2  =  4.99 

K  =  (207  X  106  X  0.00039)(4. 99)7(3.66)3 

=  6,216.6  kN/m  (46,524.56  Ib/in) 

Kl  =  0.55  (1  -  0.25^;  /S  =  0 

Ts  =  2'i'/.187/(0.55)(6,216.6)  -  0.288  sec. 

Here,  the  response  will  be  computed  for  a 
duration  Tf,  of  (1/1)  therefore,  the 

number  of  intergration-time  increments,  NOT, 
is: 
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NDT  =  1  +  Tg/  t 
Tf  =  (l/2)Ts  =  0.104  sec 
t  =  0.00015 

NDT  =  1  +  0.104/0.00015  =  694 
Use  700  increments  in  the  analysis. 

Step  17.  The  origin  of  the  global  coordinate  systems  is  located 
at  Nodal  Point  1,  which  is  the  lower  left-hand  support 
point  of  the  model.  The  nodal  coordinates  are 
specified  on  the  sketch  of  the  model  (Fig.  A. 2). 

Step  18.  The  nodal  coordinates,  together  with  the  data  contained 
in  Tables  A.l  through  A. 7  are  punched  on  input  data 
cards  according  to  the  format  specifications  in  Section 
8.13,  Reference  3.  A  listing  of  the  input  data  deck 
for  this  problem  is  given  in  this  appendix  also.  Note 
that  the  blast  loads  on  the  leeward  walls  and  roof  act 
in  the  negative  directions  of  the  global  x-  and  y-axes, 
respectively.  Therefore,  the  tributary  areas  on  these 
surfaces  are  entered  as  negative  quantities  in  the 
input  to  DYNFA.  In  addition,  the  dead  loads  act  in  the 
negative  direction  of  the  global  y-axis.  Therefore,  in 
the  DYNFA  input,  -y  is  entered  as  the  direction  of  the 
element  uniform  loads  and  the  concentrated  nodal  loads 
in  Table  A. 6  are  entered  as  negative  quantities. 

Note:  The  result  of  the  analysis  is  shown  in  Figure  A-9.  Again, 
the  computer  results  do'  not  quite  agree  with  the  test 
results,  but  the  difference  between  the  predicted  and  the 
actual  sidesway  displacements  is  small  compared  to  the 
overall  height  of  the  structure.  In  determining  the  TNT 
equivalency  of  the  charged  used  (nitro-carbo-nitrate) ,  it 
was  necessary  to  plot  the  incident  pressure,  Pgg  versus 
the  scaled  distance,  Z/\  for  both  charges,  TNT  and 
nitro-carbo-nitrate  (see  Figure  A-10).  For  some  value  of 
incident  pressure  PgQ.  the  corresponding  scaled  distances 
for  TNT  and  nitro-carbo-nitrate  were  read  off  Figure  A-10. 
The  TNT  equivalency  of  the  charge  was  determined  as 
follows: 


TNT  Equivalency  =  (Z/\  charge/Z/\  TNT)^  ' 

This  procedure  is  repeated  for  different  incident 
pressures  and  a  plot  of  scaled  distance  vs.  TNT 
equivalence  for  the  charge  is  made,  as  shown  in  Fig.  A-11. 
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TABULATION  OF  CONCENTRATED  MASSES  AT  MASS  POINTS  OF  MODEL  OF  FRAME  ON  COLUMN  LINE  3 
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INPUT  DATA  FOR  ELEMENTS  OF  MODEL  OF  FRAME 


1 

‘  CVd 

CVd 

LO  LO 

LO 

Od 

!  ^ 

LO 

LO  LO 

LO 

OJ 

OJ  OsJ 

C\J 

1  LO  LO 

LO 

LO 

LO 

LO 

CO  CO 

CO 

LO 

ro 

CO 

CO  CO 

CO 

CO 

CO  CO 

CO 

1  CO  CO 

CO 

CO 

'Jd*  '=d"  '^d' 

o  o 

O  O 

O 

!  o  o 

o 

o 

CO 

00 

'^d*  ^ 

CO 

#\  #> 

a. 

CO 

CO  CO 

CO 

!  «::d‘  «?d- 

1 

I  Od 

1  , 

CVd 

LO  LO 

LO 

Od 

o  o 

o  o 

O 

’^d" 

^  o  o 

o  o 

LO 

LO 

CO  CO 

CO 

LO 

CT» 

CT> 

cr>  CT> 

cr> 

1— 1 

«— 1  I-H 

«— H 

1  CTi  CTi 

cr> 

cr» 

c-- 

•^d*  ^ 

02: 

ro 

CO 

CO  CO 

CO 

o 

o  o 

o 

1  CO  CO 

CO 

CO 

CO 

CO  «:d“  'd- 

CO 

Cl. 

»> 

#> 

1  #\  #> 

^ 

’^d" 

1  ':;d‘  ^ 

I 

j 

i 

■K  E 

E 

1 

1— 1 

1— 1 

1 — 1  I-H 

1—1 

1 

CO  CO 

CO 

1  «— 1  «— 1 

1— 1 

1— 1 

1  cr> 

CT> 

« — 1  « — 1 

1— H 

03 

LO 

LO  LO 

LO 

1  CO 

CO  CO 

CO 

LO  LO 

LO 

LO 

1  LO 

LO 

cr>  cr> 

03 

LO 

2: 

LO 

LO 

LO  LO 

LO 

1  CSJ 

CVJ  CVJ 

OJ 

LO  LO 

LO 

LO 

CO 

CO  LO  LO 

LO 

00 

LD 

LO 

LO  LO 

LO 

LO 

LO  LO 

LO 

'  LO  LO 

LO 

LO 

!  ^ 

Od 

1—1  1—1 

1—1 

Od 

1 

1 

LO 

LO 

LO  LO 

LO 

1 

'^d* 

LO  LO 

LO 

LO 

CO 

CO  CO  CO 

CO 

CO 

'■ — ^ 

C\J 

CVJ  C\J 

C\J 

1  CT» 

CTt  CT> 

CTi 

OJ  OJ 

Od 

Od 

LO 

LO  CO  00 

00  LO 

LO 

LO 

LO  LO 

LO 

o 

o  o 

O 

LO  LO 

LO 

LO 

LO 

LO 

Od  Od 

OJ 

LO 

1— ( 

E 

r. 

#> 

#v 

O 

CO  CO 

CO  CO 

CO 

o 

o  o 

o 

CO  CO 

CO 

CO 

^  CO  00  CO 

'd- 

CO 

CO 

CO  CO 

CO 

CO 

CO  CO 

CO 

CO  CO 

CO 

CO 

1— 1 

1 — 1 

« — 1 

j  o 

o  o 

o 

1 

•^d*  '^d" 

o 

O  00  00  00 

o 

OJ 

• 

♦ 

E 

CT> 

CT> 

cr>  cr> 

cr> 

CTi 

CTi  CTt 

CTi 

cr>  CTi 

ch 

cr> 

CO 

CO 

LO  LO 

LO 

CO  1 

O 

LO 

LO 

LO  LO 

LO 

C\J 

C\J  C\J 

C\J 

LO  LO 

LO 

LO 

— 

1— 1 

f— 1 

1 — 1  I— 1 

1—1 

1—1 

.—1  .—1 

1— H 

1  I-H  I-H 

( 

1— H 

1— 1 

■O 

1 

c 

CO 

o 

o 

0 

0 

o 

1  ^ 

0 

0 

o 

o  o  o 

o 

1  o 

o 

0 

0 

O 

o 

LU 

to 

1 

c 

O) 

1 

•  r— 

■O 

1 

Q- 

o 

■O 

1 

1 

1 

o 

c:  < 

o 

o 

0 

0 

o 

1  ^ 

0 

0 

0 

0 

0 

0 

o 

1  ^ 

o 

0 

0 

O 

o 

LU 

1 

1 

1 

I 

LO 

1 

1 

1 

1 

O) 

■O 

1 

1 

r— 

> 

c 

CO 

C>J 

CO 

4 

5 

LO 

8 

9 

o 

^0  1— I 

CNJ 

CO  1 

1  ^ 

'^d- 

00 

03 

o 

ns 

•1 — 

LU 

1— H 

«— 1  1— 1 

1— H 

1— H 

.—1  1— 1 

1— 1 

OJ  1 

■o 

+-> 

O 

o 

2: 

O) 

! 

1 

c 

"C 

1 

1 

c 

c  < 

f— H 

OJ 

CO  ^ 

LO 

LO 

r--  CO 

CTil 

1  I— 1  OJ 

CO 

Ct 

LO 

LO 

00 

03 

f-H  ( 

o 

LU 

1 

!  1 — 1 1 — 1 

1—1 

1—1 

1 — 1 

1— H 

1—1 

Q 

j 

1 

1 

i 

j 

1 

i 

1 

i 

i 

i 

1 

i 

1 

1 

! 

1 

• 

o 

H 

C>J 

3 

4 

LO 

LO 

r--  CO 

^D  1 — 1 

C^J 

CO 

LO 

LO 

00 

03  ( 

'  ' 

2 

1— H  1 — 1 

1—1 

1—1 

1 — 1 

1 — 1 

1— 1  1—1 

1— 1 

1 — 1  1 

CO 

i 

j 

1 

LO 

LO 

Od  Od 

Od 

LO  1 

CO 

LO 

1 

j 

*  CO 

Od  Od 

Od 

•d*  ' 

O) 

X 

X 

1 

X 

X 

X 

X  X 

X 

X 

N 

•1— 

CNd 

Od 

^d* 

Od  ( 

00 

1— H 

1— 1 

1 — 1 

1 — 1 

« — 1 

I-H  I-H 

1— 1 

1 — 1  1 

:2 

:2 

:2 

■  I 

:2 

:2 

:2  3: 

:2 

:2  : 

c 

1 

E 

rs 

c: 

+-> 

4-> 

E 

S- 

S- 

o 

rs 

•r— 

•r— 

+-> 

o 

S- 

r— 

CD 

CD 

.5- 

S- 

cu 

o 

.p—  . 

0) 

■O 

■O 

CO 

■Q 

■O 

CD  < 

-Q 

S- 

S- 

U 

S- 

E 

03 

•1— 

■O 

03 

03 

■o  ■ 

<U 

S 

CD 

S- 

S 

s 

c  c: 

c 

S- 

+-> 

03 

+-> 

+-> 

•r—  *1 — 

•r— 

03 

CO 

M- 

CO 

CO 

r—  r— 

r— 

03 

O 

<v 

03 

03 

S-  S- 

S- 

CU 

O 

(U 

r— 

r— 

=3  =3 

Z3 

0) 

CQ 

QC 

OG 

OQ 

Ck_  Ck_ 

Cl. 

-J  . 

108 


Leeward  Girt _ W12  x  45  20 _ 3  21  0  _ 0  3.0  14,568  285.9 _ 375.2  375.2 


TABLE  A. 3 


109 


BLAST  LOADING  PARAMETERS 


< 


< 

< 


o 

< 

o 


S-  U> 

a.  Q. 


E 

I  (/)  I 


E 

I  (/)  I 


E 


0-1- 
u>  u> 
d.  Q. 


C\J 

00 


'=^1 


ro 


3  ^ 

I— 

I 

•4->  (/) 

E 


d 

J  oi 
>  tol 


5  E 
1 

I  S-'I- 


I  &-  tn 

d.  Q. 


CTi 


O 

O 


O 

cr 

o 

o 


o 


o 

o 


no 


_ 0*26  -0,4 _ 3 >20 _ 22>06 _  Roof  -  Leeward  end 


BLAST  LOADING  PARAMETERS  FOR  DYNFA 


to  Q  to 

CU  "O  CU 
-J->  C  S^l 
^  fO  C| 

03  03  S-! 

S-  •  o! 

03  M-} 

a, 


Q  el 


o| 

^1 

to| 

to 

03 


L! 


03 

S- 

fO' 

ci_  I 

cnJ 


"O 

03 

o 


cu 

to  I 


ol 
I  Q_cu 

+->  to 
' — ^ 
• 
I 
I 


M-  O 
I  OOJ 


00  00  00 
CO  CO  CO 

o  o  o 


00  00  00 
OJ  OJ  OJ 


o  o  o 


o 

CO 

r—i 

CO 

1  O 

CM 

CO  ! 

o 

CM  00  CO 

r—i 

CO 

LO 

• 

• 

• 

• 

• 

• 

•  1 

o  o 

CM  CO 

LO 

CO  1 

1 

1 

1 

to 

CO 

C\J 

CM 

CM 

CO  i 

i  ^ 

CM 

CM  ' 

c 

r-s 

LO 

LO 

LO 

1 

CM 

CM 

CM 

•r- 

• 

• 

•  1 

o 

o 

r—i 

t-H 

r— I 

°  1 

1  ^ 

t-H 

^  1 

CL 

1 

1 

I 

to 

to 

1 

1 

1 

1 

1 

03 

o 

o 

o 

o 

o  1 

O 

o 

o 

E 

• 

• 

• 

• 

•  ! 

• 

•  ^ 

o 

1— H 

T— 1 

r-i 

T— 1  1 

t-H 

t-H 

f~i  1 

4-> 

00 

00 

00 

00 

00  1 

00 

00  00  ’ 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO  1 

■O 

1 

cu 

1 

•  r— 

CO 

CO 

CO 

CO 

CO  1 

C\J 

CM 

CM 

CM 

CM 

00 

00  00 

Q_ 

CO 

CO 

CO 

Q_ 

o 

o 

o 

O 

o 

o 

o 

03 

• 

• 

o 

o 

o  o 

o 

o 

o 

o  1 

03 

1 

1 

1 

c 

I 

r-  1 

00 

00  00  ! 

T3 

03 

C\J 

r—\ 

CM 

r—\ 

CM 

r—\ 

CM 

r—\ 

CM 

f  i 

CM 

f  i 

CM 

¥  4  1 

o 

o  o  o  o  o 


o  o  o 


1  - 

LO 

LO 

I 

1 

1 

1 

- - «sl 

LO 

LO 

LO 

* 

03j 

• 

• 

• 

1  , 

1 

1  acL 

LO 

LO 

LO 

i 

LO 

LO 

LO 

LO 

’  LO 

LO 

LO 

Cl. 

1 

1 

1 

1 

1 

1 

1 

1 

! 

1 

1  1 

CO  00  CO  1 

1 

1 

1 

1 

'  00  00  00 

1 

1 

CM 

CM 

1 

03  CJ  cu 

o 

o 

o 

1 

1 

+->  to 

• 

•  1 

1  1 

1 

1 

1 

1 

o 

o 

1 

i 

1 

1 

1  ' 

• 

1 

j 

1 

^ _ 

I 

1 

1 

1 

03 

LO 

LO 

LO  * 

1 

03  tor\ 

• 

• 

•  1 

1 

1 

1 

1 

1 

1  1 

1 

1 

CO 

CO 

CO  1 

1 

1 

LO 

LO 

-  1 

LO 

o 

LO 

o 

1 

1 

CO 

CO 

o 

o 

o 

o 

t— H 

CM 

CM 

CO. 

<03 

<03 

S-  CJ 

CO 

CO  CO 

CO 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

03’O  CU 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

-l->  to 

• 

• 

•  1 

1 

' — 

o 

o 

^  1 
1 

o 

o 

o 

o 

o 

1  ^ 
i 

O 

O 

_ _ _ 

CO 

CO 

1 

CO  1 

CO 

LO 

LO  00 

o 

1 

1  CO 

LO 

LO 

JZ  03 

• 

• 

•  1 

1 

03 

CT3 

<03 

<03  1 

LO 

CO 

CM 

CM  1 

1  CO 

LO 

LO 

Cu 

LO 

LO 

LO  ' 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

, — 

1 

c 

03 

<T3 

03 

1 

o 

X) 

+-> 

4-> 

+-> 

1 

r— 

1 — 

, — 

1 — 

, _ 

•r— 

03 

C= 

C 

C 

03 

<t3 

03 

03 

03 

+-> 

o 

O 

o 

o 

CJ 

CJ 

CJ 

CJ 

CJ 

CJ 

_l 

M 

M 

NJ 

! 

•1— 

•  f— 

•  f— 

cu 

•r— 

•f— 

•1— 

1 

+-> 

+-> 

+-> 

+-> 

+-> 

S- 

M- 

L. 

S- 

S- 

1 

L. 

S- 

S- 

S- 

L. 

•r— 

O 

O 

o 

o 

0) 

cu 

cu 

cu 

CU 

Q 

or 

or 

or 

i 

1 

> 

> 

> 

> 

> 

M- 

1 

1 

O 

LO 

LO 

1 

00 

<03 

CU 

(/) 

•-H 

»— H 

f— < 

t— < 

t— H 

■O  • 

to 

1 

1 

o  o 

03 

Ol 

I 

•V 

1 

o 

0-1 

1  CM 

LO 

1 

LO 

00 

<03 

t— H 

03  03  03 


e 

o 


S-  S- 

o  o  o 

re  oc  oc 


f— I 

CVI  CVI 


O  •—<  CO 


o 

N 


o 


S- 

o 

M- 


13 

Cl 


I 

CL) 

S- 

=3 

t/) 

to 

CL) 

S- 

Cl 


03 

CL) 

c 

CL) 

CJ) 


“O  03 
CL)  s 
to 

=3  "O 
S- 

t/)  03 

S-  S 
CL)  -)-> 
+->  to 
CL)  03 

E  n- 

03  -Q 
S- 

03  e 
Q_  O 
03 


II 

I  CL 


ni 


(l/3)tp  for  blastward  wall 
(l/3)tQ  for  roof  and  leeward  walls 


BLAST  LOADING  PARAMETERS  FOR  DYNFA 


L> 


C 

fO 


G  . 

S-.  ' 

o 

M- 

OJ  q| 
> 

03  ' 


'  CM  CO  LT)  LO 


CO  CT) 


O 

O 

S-. 


o 

to 


o 

o  o 

o  o  o 

o  o 

‘ 

o  o 

o 

^  i—L. 

o 

o  o 

I  o  o  o 

o  o 

o  o 

o 

!  to 

to 

-  . 

1 

CM 

CM  CM 

CM  CM  CM 

CM  CM 

CM  CM 

CM 

to 

^  00 

• 

•  • 

'  03 

c 

Q 

o  o  o 

’  o  o  o 

o  o 

\ 

o  o 

o 

;  E 

S-. 

;  o 

M- 

1  J 

-M 

dj 

CO 

CO  CO 

LD  r-H  00 

LO  O 

\ 

1-H  LO 

CT) 

> 

O  O  LD 

1— H  LO 

LO  00 

r-H 

03 

LjO 

LjO  LjO 

LO  LO  LD 

r^ 

00 

!  d) 

IS  -Kl—  <D, 

1— H 

r-H  1-H 

1 — 1  r-H  r-H 

1— H  r-H 

r-H  r-H 

r-H 

*r- 

-f->  to ; 

• 

•  • 

CL) 

1  "“^i 

o  o  o 

o  o  o 

o  o 

O  O 

O 

'  CJ_ 

S- 

1 

1 

Q- 

=3 

1 

' 

1 

!  ^ 

to 

to 

CO 

CO  CO 

!  CT>  LO  r-H 

00  CO 

r-H  LO 

cr>  ; 

1  cn 

CL) 

!  ^ 

r-«. 

r^ 

'  CO  r--.  CM 

LD  O 

LO  00 

r-H  ' 

c 

S- 

i  ^ . 

CD 

CD  CD 

r--.  r--.  00 

CO  cr> 

00  00 

cr> 

•r— 

Cl. 

i  -K  Q_CL) 

o 

O  CD 

,  o  o  o 

o  o 

o  o 

o 

'XD 

-(->  to' 

• 

•  • 

03 

cry  — ^ 

o  o  o 

!  o  o  o 

o  o 

o  o 

o  1 

1  O 

c 

1  • 

\ 

\ 

i 

S- 

H- 

1  LD  CM  CO 

LO  O 

f 

1 — 1  LO 

cr> 

o 

•f— 

!  1-H  LO  CT> 

00 

oo  o 

L4- 

“O 

'  o' 

;  CO  CO  CO 

1 

'd'  LO 

LO 

o 

1  -Qh-  CL)! 

;  o  o  o 

o  o 

1 

o  o 

O  ! 

‘  -M 

1 

1 

1  1 

J 

•  1 

'  O 

j  o  o  o 

o  o 

1 

o  o 

O  ! 

CL 

S- 

1  ' 

1 

! 

C 

o 

Li- 

t 

1 

i 

■  ’ 

!  CD  r-H  CD 

O  LO 

1 

CO 

CO  ; 

CL) 

i  ''  ^ 

r-H  CO  CO 

^  CO 

1-H  CM 

CM  1 

E 

CL) 

K-,  u 

,  CO  CO  CO 

CO  CO 

1 

CO  CO 

00 

-QQ  CL)‘ 

O  O  O 

o  o 

o  o 

O 

-M 

1  c/o' 

1 

1  1 

!  •  •  • 

•  > 

1 

1  ^ 

1  o  o  o 

o  o 

o  o 

o  : 

CL) 

to! 

1  I 

1 

1 

S-. 

S-.I 

i  1 

( 

1 

1 

Z3 

dj 

,  r-H  CO  CD 

1 

CO  LO 

o 

LO 

-M 

^ 

CM  LT)  O  LD 

\ 

00  r-H 

LO  ' 

to 

CL) 

U 

O  o  r-H 

1— H 

1 

r-H  CM 

CM  ! 

CL) 

E 

_Q  CLCL)I 

o  o  o  o  o 

I 

o  o 

C^  1 

S- 

03 

-M  to' 

1 

1  1 

1 

CL 

S-. 

j  o  o  o 

o  o 

i 

o  o 

O  1 

03 

1 

CL) 

Q- 

1 

i 

j 

• 

03 

j 

S-. 

cn  ' 

j 

t 

dJ 

> 

1 

r-H 

1 

c 

1 

1  1 

.4 

.8 

.1 

.4 

.3 

1 

! 

CO  00 

CL) 

m 

^  03 

_Q  on. 

cu  _i^| 


-M  U 
U  OJ 
-M  to 


U 

_Q  03  O) 

-M  to 


^  CM  CM  r-H  r-H 
CM  CM  CM  CM  CM 


LO  ^  'iij- 


"O 

CL) 


r-H 

CM 

CM 

CM 

1— H 

CO 

CO 

1  to  to 

M- 

CM 

CM 

r-H  CO 

CO  i 

1  =^'— 

1  CL 

1  O 

O 

o 

o 

o 

o 

o  o 

o 

-M 

-M 

o 

o 

o 

o 

o 

o  o 

C=> 

!  to  03 

• 

• 

• 

• 

• 

•  • 

• 

+ 

+ 

o 

o 

o 

o 

o 

o  o 

o 

CL) 

-M-O 

h- 

h- 

CL)  S-. 

-M 

-M 

1-H 

CO 

LO 

r--.  CO 

Eo3 

CM 

LO 

o 

LO  00 

r-H 

03  :s 

M 

fl 

O 

o 

r-H 

1— H 

r-H  r-H 

CM 

S-.  dJ 

O 

o 

o 

o 

o 

o  o 

o 

03  CL) 

-K  1— 

• 

• 

• 

• 

• 

•  • 

• 

CL,f— 

-K  CL 

o 

o 

o 

o 

o 

o  o 

o 

_Q 

112 


Table  A. 6 


DEAD  LOADS  APPLIED  TO  ELEMENTS  OF  MODEL  OF  FRAME 


Element 

No. 

Uniform  Load 
(kg/m) 

Element 

No. 

Uniform  Load 
(kg/m) 

1 

12b. 0  , 

11 

125.0 

2 

125.0 

12 

125.0 

3 

125.0 

13 

125.0 

4 

125.0 

14 

0.0 

5 

125.0 

15 

0.0 

6 

101,2 

16 

0.0 

7 

101.2 

17 

0.0 

8 

101.2 

18 

0.0 

9 

101.2 

19 

0.0 

10 

125.0 

20 

0.0 
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TABLE  A. 7 


DEAD  LOADS 

APPLIED  AT  NODAL  POINTS  OF 

MODEL  OF  FRAME 

Nodal  Point 

Item 

Load  (k^) 

2,  4,  1 

Wall  panel 

108.9 

11,  13 

Girt 

408^2 

517.1 

6,10 

Roof  panel 

86.2 

Wall  panel 

108.9 

Transverse  girder 

__922.6 

1,117.7 

7,  8,  9 

Roof  panel 

689.5 

Purl i n 

1^^ 

889.1 
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TABLE  A. 8 


STIFFNESS  FACTORS  FOR  SINGLE-STORY  MULTI-BAY  RIGID  FRAMES 
SUBJECT  TO  UNIFORM  HORIZONTAL  LOADING 


Stiffness  factor:  K  =  EIcg/H^  x  C2LI  +  (0.7  -  0.1  )(n  -  1)J 

n  =  number  of  bays 
=  base  fixity  factor^ 

Ig/L 

Ic^.7T  +  o:??  )7H 

Ica  =  average  column  moment  of  inertia 
=  Ic/(n  +  1) 


C2 

=  1.0 

=  0.5b 

0.25 

26.7 

14.9 

3.06 

0.50 

32.0 

17.8 

4.65 

1.00 

37.3 

20.6 

6.04 

^Values  of  C2  are  approximate  for  this 

^  =1.0  for  fixed  base 

=  0.0  for  hinged  base 


[Source:  Stea,  W.,  et  al . ,  "Non-Linear  Analysis  of  Frame 
Structures  Subjected  to  Blast  Overpressures',  Report 
ARLCD-CR-77008 ,  U.S.  Army  Armament  Research  and 
Development  Command,  Dover,  N.J.,  May  1977. J 
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Flgur*  A-2  .  LOADING  ON  BLASTWARO  END  OF  ROOF 
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Figurt  A-3.  LOADING  ON  LEEWARD  END  OF  ROOF. 
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Figure  A-4  MODIFIED  FRAME  MODEL 
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Figure  A- 5.  DYNAMIC  DEGREES  OF  FREEDOM  OF  MODEL. 
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Figure  A6.  TRIBUTARY  AREAS. 
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PRESSURE 


Figure  A-7.  TYPICAL  PRESSURE  WAVEFORM 
FOR  BLASTWARO  WALL. 
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PRESSURE 


i 


TIME 


a. TYPICAL  PRESSURE  WAVEFORM  FOR  ROOF  AND 
LEEWARD  WALL. 


b.  DIGITIZED 

PRESSURE 

TIME  DATA. 

POINT 
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00 
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tf 

FIGURE  A  a  DIGITIZED  PRESSURE  -  TIME  DATA  FOR  PRESSURE 
WAVEFORM  WITH  LINEAR  DECAY. 
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DYNFA  BASIC  MODEL 
TEST  RESULTS 
DYNFA  IMPROVED  MODEL 


FIGURE  A-9.  SIDESWAY  DISPLACEMENT  OF  CENTER  FRAME 
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Pso  (Psi) 


FIGURE  A-IO.  INCIDENT  OVERPRESSURE 
VERSUS  SCALED  DISTANCE 
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TNT  EQUIVALENCY 


SCALED  DISTANCE,  Zg(^VLB'/3) 


FIGURE  A-ll.  TNT  EQUIVALENCY  VERSUS  SCALED 
DISTANCE  FOR  NITRO-CARBO-NITRATE. 
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APPENDIX  B.  ENGINEERING  DRAWINGS 


The  following  pages  contain  reduced-size  copies  of  the 
Engineering  Drawings  prepared  for  the  construction  of  the  test 
structure  and  support  framework  for  the  instrumentation  used  in 
the  dynamic  tests.  Certain  revisions  have  been  made  to  the 
drawings  but,  unfortunately,  these  are  not  included  in  the 
reduced-size  copies. 
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Director 

DARCOM  Field  Safety  Activity 
ATTN:  DRXOS-ES 
Charlestown,  IN  47111 

Commander 

U-  S.  Army  Engineer  Division 
ATTN:  HNDED 

P.  0.  Box  1600,  West  Station 
Huntsville,  AL  35809 

Commander 

Radford  Army  Ammunition  Plant 
Radford,  VA  24141 

Commander 

Badger  Army  Ammunition  Plant 
Baraboo,  WI  53913 

Commander 

Indiana  Army  Ammunition  Plant 
Charlestown,  IN  47111 
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Commander 

Hols  ton  Army  Ammunition  Plant 
Kingsport,  TN  37660 

Commander 

Lone  Star  Army  Ammunition  Plant 
Texarkana,  TX  75501 

Commander 

Milan  Army  Ammunition  Plant 
Milan,  TN  38358 

Commander 

Iowa  Army  Ammunition  Plant 
Middletown,  TA  52638 

Commander 

Joliet  Army  Ammunition  Plant 
Joliet,  IL  60436 

Commander 

Longhorn  Army  Ammunition  Plant 
Marshall,  TX  75670 

Commander 

Louisiana  Army  Ammunition  Plant 
Shreveport,  LA  71130 

Commander 

Cornhusker  Army  Ammunition  Plant 
Grand  Island,  NE  68801 

Commander 

Ravenna  Army  Ammunition  Plant 
Ravenna,  OH  44266 

Commander 

Newport  Array  Ammunition  Plant 
Newport,  IN  47966 

Commander 

Volunteer  Army  Ammunition  Plant 
Chattanooga,  TN  37401 

Commander 

Kansas  Army  Ammunition  Plant 
Parsons,  KS  67357 


District  Engineer 

U.  S.  Army  Engineering  District,  >fobile 
Corps  of  Engineers 
0.  Eox  2288 
Mobile,  AL  36628 

District  Engineer 

U.  S.  Army  Engineer  District,  Ft.  Worth 

Corps  of  Engineers 

P.O.  Box  17300 

Fort  Worth,  TX  76102 

District  Engineer 

U.  S.  Army  Engineering  District,  Omaha 

Corps  of  Engineers 

6014  U.S.P.O.  and  Courthouse 

215  North  17th  Street 

Omaha,  NE  78102 

District  Engineer 

U.  S.  Army  Engineering  District,  Baltimore 
Corps  of  Engineers 
P.  0.  Box  1715 
Baltimore,  MD  21203 

District  Engineer 

U.  S.  Army  Engineering  District,  Norfolk 
Corps  of  Engineers 
803  Front  ‘Street 
Norfolk,  VA  23510 

Division  Engineer 

U.  S-  Army  Engineering  District,  Huntsville 
P.  0.  Box  1600,  West  Station 
Huntsville,  AL  35807 

Commander 

Naval  Ordnance  Station 
Indian  Head,  MD  20640 

Commander 

U.  S.  Army  Construction  Engineering  Research  Laboratory 
Champaign,  IL  61820 

Commander 

Dugway  Proving  Ground 
Dugway,  UT  84022 

Commander 

Savanna  Army  Depot 
Savanna,  IL  61704 
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Civil  Engineering  Laboratory 
Naval  Construction  Battalion  Center 
ATTN:  L51 

Port  Hueneme,  CA  93043 
Commander 

Naval  Facilities  Engineering  Command 
200  Stovall  Street 
(Code  04,  J.  Tyrell) 

Alexandria,  VA  22322 

Commander 
Southern  Division 

Navel  Facilities  Engineering  Command 
ATTN:  J.  Watts 
P.  0.  Box  10068 
Charleston,  SC  29411 

Commander 
Western  Division 

Naval  Facilities  Engineering  Command 

ATTN:  W.  Moore 

San  Bruno,  CA  94066 

Officer  in  Charge 
TRIDENT 

Washington,  DC  20362 

Officer  in  Charge  of  Construction 
TRIDENT 

Bangor,  WA  98348 

Commander 
Atlantic  Division 

Naval  Facilities  Engineering  Command 
Norfolk,  VA  23511 

Commander 

Naval  Ammunition  Depot 

Naval  Ammunition  Production  Engineering  Center 
Crane,  IN  47522 

Director 

U.  S.  Array  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL 

White  Sands  Missile  Range,  NM  88002 
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Commander /Director 
Chemical  Systems  Laboratory 

U.S.  Army  Armament  Research  and  Development  Command 
ATTN:  DRDAR-CU-L 
DRDAR-CLB-PA 

Aberdeen  Proving  Ground,  MD  21005 
Director 

Ballistics  Research  Laboratory 

U.S.  Army  Armament  Research  and  Development  Command 

ATTN:  DRDAR-TSB-S 

Aberdeen  Proving  Ground,  HD  21005 

Chief 

Benet  Weapons  Laboratory,  LCWSL 

U.S.  Army  Armament  Research  and  Development  Command 
ATTN:  DRDAR-LCB-TL 
Watervliet,  NY  12189 

Amraann  &  Whitney 
Consulting  Engineers 
Two  World  Trade  Center 
ATTN:  N.  Dobbs  (5) 

New  York,  NY  10048 

Director 

U.S.  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-MP 

Aberdeen  Proving  Ground,  HD  21005 
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